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The concept of an orbital, internal centrifuge has been evaluated as a facility 
for experimentation and research by several successive NASA studies. The objective 
of this activity has been to: 
1. Define a facility for early orbital application which can be used to acquire 
information for mission planning and for the design of advanced space 
vehicles. 
2. Evaluate new ways by which man' s existence in the space environment 
can be supported. 
3.  Provide a concept which will advance general scientific knowledge in 
experimental areas that cannot be duplicated on earth. 
In the initial study, NAS1-7309, an internal centrifuge concept was evolved 
which was based mainly on the performance of Vestibular and Cardiovascular experi- 
ments against a background of progressive test subject exposure to zero-g. This 
configuration, shown by Figure 1, was used as a model in an analytic determination 
of feasibility in terms of weight, volume, dynamic stability, power, reliability, 
safety, technology requirements, and cost. Feasibility having been established by 
this work, a redesign was undertaken in contract NAS1-8751 which increased the 
installation flexibility of the machine and expanded its experimentation capability. 
This was accomplished by providing a passageway through the center of the machine 
for spacecraft traffic, evolving the experiment room concept and packaging experi- 
ment equipment for use within the room. This concept is also illustrated by Figurr: 1. 
The capability of the machine was increased at this time to include crew-performance- 
oriented experiments such as walking, bench tasks and personal hygiene. 
In the present study, the scope of experiment work to which the centrifuge may 
be capable has again been expanded, in this case, to include the full range of experi- 
mentation with regard to artificial-g and zero-g infomation which is of interest to 
NASA in the planning of advanced missions and space vehicle configurations. In 
addition, a broader range of centrifuge implementation has been adopted so that shell 
centrifuges (rotatable, pressurized shells attached to non-rotating spacecraft through 
seal and bearing assemblies) as well as internal centrifuges are represented in com- 
parison with fully-rotatable major spacecraft and f ree-flying rotatable experiment 
module concepts. 
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rograrn Objectives 
- The objective of this study is to provide planning information in the form of 
detailed comparisons between the use of orbital centrifuges and alternative methods 
of acquiring information relative to artificial-g/zero-g questions for advanced space- 
craft. The portion of the study reported in this Volume covers comparison of those 
"Experiment Performance Options" (EPOs) which are compatible with the Earth-to- 
Orbit Shuttle transportation system. Cost factors, in particular, are emphasized in 
these comparisons. This planning information, which will contribute to the total in- 
formation upon which NASA will base its determinations and judgments for possible 
future work in manned space flight, also includes comparisons in terms of weight, 
volume, data quantity, data relevance, crew time and other factors which affect 
experiment program decisions. 
Study Approach 
The approach used in the study is diagramed in Figure 2. As is illustrated, 
experiment requirements (identical to those used earlier in the study and reported in 
Volume II) were employed in conjunction with current Earth-to-0 rbit Shuttle character- 
istics and study guidelines to generate EPO conceptual designs. These include a sup- 
plementary internal centrifuge (a machine dedicated to specific-rather than general- 
experimentation), a maximum capability internal centrifuge (EPO ' b' of Volume 11), 
shell centrifuges, free flying modules and full-vehicle-rotation concepts. A l l  of the 
EPO models were ground ruled to specific Shuttle-Orbiter compatibility. * 
The EPO models were then subjected to a preliminary feasibility analysis, 
establishing such characteristics as weight, volume, power requirements, structural 
adquacy, safety and costs. These factors were used to screen the EPOs, determining 
which were of greatest validity and interest, and the leading contenders were entered 
into the general Information Matrix comparisons. 
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The experiment group used to generate requirements for the POs recommended 
experiments together with certain other experiments which previous studies have dis- 
closed as being "Centrifuge Applicable. '' These experiments were sub-categorized 
and assigned an alphanumerical designation for use throughout the study, 
Three major categories of experimentation are represented: 
Category I - Medical/Physiological 
Category II - Performance 
Category LE - Habitability 
Sub-categories of experimentation under each of these main topics were also assigned 
and are identified by Tables 1 2,  and 3. 
Individual experiments in each sub-category containing more than one experiment 
are further designated by a lower case letter (a, by c,  etc.) as, for example, 1-1. la, 
which identifies the experiment as an "Oculogyral Illusion" measurement, sub-category 
"Tolerance to Angular Velocity-Vestibular and Related Phenomena", and belonging in 
the "Medical/Physiological" category of experimentation. 
Detail descriptions of each of the experiments were developed and are discussed 
in the section titled "Experiment Definition and Analysis". In contrast with the ap- 
proach word in the evaluation of earlier EPOs (Reference Volume 11), redesign of 
certain experiments to adapt them for  performance on short radius machines was not 
considered necessary in this case. This results from the roll-mode capability of the 
Orbiter being available to internal centrifuge EPOs as well as total-vehicle-rotation 
EPOs - providing an experiment station at fairly large radius in both cases. 
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1.0 SELF LOCOMOTION 
1.0 
2.0 
3.0 
4.0 
5.0 
6.0 
TOLERANCETOANGULAR 
VELOCITY 
1.1 Minimum-g for Locomotion 
1 . 2  Maximum Walking Speed 
1.1 Vestibular & Related Phenomena 1.3 Effect of Crew on Station Stab. 
1 . 2  Neurophysiological Functions 
1 .3  Higher Mental Functions 
TOLERANCE TO RAPID CHANGE 
OF ROTATION 
2 . 1  Passive Transition 
2.2 Active Transition 
EFFECTS OF PARTIAL-G ON 
BODY FUNCTIONS 
3.1 Cardiovascular System 
3.2 Fluid Balance 
3 .3  Skeletal 
3.4 Pulmonary Function 
3.5 Renal Function 
ZERO GRAVlTY 
4.1 Agravic Syndrome 
4.2 Physiological Acclimatization 
to Zero-g 
PHYSIOLQGICA L 
RECONDITIONING 
5.1 
5.2 
5.3 
5.4 
5.5 
5.6 
Tolerance to Angular Velocity 
Cardiovascular System 
Fluid Balance 
Skeletal 
Pulmonary Function 
Renal Function 
SPACE SICKNESS 
2.0 TRANSITION FROM ARTIFICIAL-G 
TO ZERO-6 
2 .1  Transition from Rotation to 
Zero-g 
2.2 Transition from Zero-g to 
Rotation 
2 . 3  Transition from Rotation to 
Zero-g to Counter-rotation 
3.0 CARGO HANDLING 
3.1 Max. Weight Change Tolerance 
3.2 Max. Coriolis Tolerance 
3.3 Max. Cross-Coupled Accelera- 
3.4 Max. Combined Effects Toler- 
tion Tolerance 
ance 
4.0 GROSS MQTQR PERFORMANCE 
4.1 Verify Ground-B sed Time Line 
5.0 FINE MOTOR PERFORMANCE 
5.1 Performance (M508) 
5.2 Maintenance Assy/Dis-assy 
6 . 0  TAXIS 
6.1 Coordinated Limb Motion and 
Postural Equilibrium 
7.0 PASSIVE RADIAL LOCOMOTION 
able 3. Experiment Group b-Categories 
GATE 
1.0 EATINGANDF P ~ P A ~ T I ~ N  7 . 0  WASTE MANAGEMENT 
2.0 GARMENTS AND LAUNDRY 8 . 0  STOWAGE CONCEPTS 
3 .0  HOUSEKEEPING 
4 .0  PERSONAL HYGIENE 
5 . 0  SLEEPING 
6 . 0  OFF-DUTY ACTIVITIES 
9 .0  FUENITUR;E AND 
ACCOMMODATIONS 
10.0 ENVIMNMENTAL CONTROL 
SYSTEM 
11.0 DISPLAYS AND CONTROLS 
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rior to the study of the es of Experiment Performance 
Options, a set of requirements for a Shuttle Orbiter had to be established and the pay- 
load interface defined. Additionally, the EPOs may impose constraints or  additional 
requirements on the Orbiter and these had to be identified. This section of the 
report defines Earth Orbit Shuttle Orbiter elements that affect the proposed EPOs for 
performing artificial-g/zero-g experiments. Those elements of the Shuttle Orbiter 
that are affected by the EPOs are noted and discussed in the descriptions of the speci- 
fic EPO. The EPOs for performing artificial-g/zero-g experiments include the instal- 
lation of shuttle configured centrifuges and those that rotate elements of the Orbiter 
system. Where information is lacking a baseline which reasonably meets the known 
requirements was chosen. 
- The general interface requirements between 
the Orbiter and payload that will have impact on the developmmt of a payload handling 
system were taken primarily from the Space Shuttle Phase B requirements document, 
plus a review of the types of missions that the Space Shuttle will be expected to accom- 
plish during its operational lifetime. These requirements were as follows: 
Vehicle payload weight capability is baselined to be 37,550 pounds into the design 
reference orbit (200 nm, 28.5 degrees inclination). Maximum payload weight fo r  
vehicle design requirements shall be equal to o r  less than the shuttle capability for  
the desired mission. 
Payload envelopes shall consider payloads less than o r  equal to 60 feet. There 
shall be no constraint on minimum module length. The diameter of payloads shall be 
considered less than o r  equal to 15 feet with no constraint on minimum module diameter. 
The Orbiter shall have the capability to deploy payloads on-orbit, including place- 
ment o r  docking payloads to a stabilized third body. The weight of the deployment 
mechanism will be chargeable to the Orbiter weight and will not intrude into the 60 x 15 
foot payload volume. 
The Orbiter shall have the capability of docking to stabilized modules with subse- 
quent retrieval, handling and stowage for orbit transfer o r  return to earth. The dock- 
ing/deployment mechanism shall be standardized for all payloads. 
A l l  payload modoules will have common docking, deployment mechanism attach- 
ment fittings and cargo bay stowage fittings. 
The cargo bay will include provisions for additional orbit maneuvering system 
propellant tank installations. 
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he cargo bay will include provisions for a vent system for  propellant 
and active payloads elements, with minimum attitude and velocity disturbance to the 
shuttle e 
The payload c. g. envelope will be within shuttle capabilities. Cargo loading will 
be restricted to satisfy shuttle c.g. limits as required. 
Provisions for an airlock, hatch, handholds, line attach points, etc.,  for EVA 
operations will be provided for  in the Orbiter design and is charged to the Orbiter 
weight budget. 
On-orbit N A  access to payloads in the unpressurized cargo bay shall be pro- 
vided. 
Personnel and cargo transfer operations should nominally be accomplished in a 
single intra-vehicular operation. Certain payload mixes, however, may require 
multiple operations. 
The shuttle shall provide safe mission termination capability. This includes 
rapid crew and passenger egress prior to lift-off and in-flight abort after lift-off. 
The space shuttle crew/passenger compartment atmosphere and total pressure 
shall be compatible with the space station and space base, i. e. , 14.7 psia total, with: 
Q2 partial pressure: 3.0 psia 
CO2 maximum partial pressure: 8 mm Hg 
Interface provisions for monitoring status of the payload and payload systems 
shall be included in the vehicle design. 
Limited transfer of cargo shall be possible through the personnel transfer hatch. 
The weight of passengers, removable provisions and transfer passages for 
passengers from passenger carrying modules shall be charged to the payload. 
Pavload Standard Provisions and Design Criteria - The following interfaces are  
standardized for  definition and standardization between the Orbiter and all payloads. 
* Mechanical Systems . Flight Grew 
. Electrical Systems e Ground Operation 
a Electronic Systems . Environment 
SO 
For  the purposes of this study, the mechanical interfaces are perhaps the most 
influential and, fortunately, the best defined at this time, The following is a summary 
of the design criteria in this area: 
- The Orbiter basic design will have the capability of 
exposing the entire length of the cargo bay. 
Cargo bay doors will be retracted to allow a 180" field-of-view for fixed payloads 
mounted at the plane of hinge line. 
Deployable payloads will interface to a standard deployment mechanism which 
shall deploy payloads to clear the shuttle cargo bay door mold line. The standard 
deployment mechanism shall not intrude into the 15 x 60 foot payload volume. 
Release of the payload from the standard deployment mechanism shall result in 
leaving the payload and the shuttle in a stable mode with minimum disturbing torques. 
Spin-up o r  spin-down capability, if required, will be chargeable to payload. 
Retrieval of payloads shall utilize a standardized mechanism. The retrieval 
mechanism design shall consider uncooperative but not hostile payloads. Uncoopera- 
tive payloads will be considered stabilized. The retrieval mechanism shall also be 
capable of retrieval and stowage of the reuseable payload modules in the reverse 
order of their deployment sequence. 
The Orbiter design shall have provisions for on-orbit venting of payload cryo- 
genics, payload fluids, and propellants which will impart minimum disturbance to the 
shuttle. 
Fixed payloads will be mounted to shuttle-supplied standard structural pallets 
which will be of various sizes and have a standardized shuttle mounting interface. 
The structural attachment loads between the payload and Orbiter shall be statically 
dete rrn inant. 
Capability shall be provided for  determining the mechanical alignment of fixed 
payloads to the reference axis system of the shuttle. 
Removal of the docking hardware in whole o r  part shall not be required in order 
to facilitate transfer through the docking port. 
The Orbiter shall have an internal sealable tunnel with a standard interface 
between the crew compartment and unpressurized payload bay. 
The Orbiter. - For  the early part  of the study,data was generated for some of 
the EPQs using the Low-Cross-Range (Straight Wing) Orbiter, Figure 3. Currently 
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NASA has selected the Nigh-Cross-Range 
the switchover, however, a change was m 
High-C ross-Range 
previously pu ished for the Low-Cross-Range er, The following table compares 
the two vehicles. 
Ita Wing) Orbiter, Figure 4, 
to the reference staging veloc 
rbiter resulting in weights mass properties close to those 
Weight, lbs. 848K I 295K 
Ref. Length, ins. 2153 
I 3.165 1649 X.-C.G., ins. Ixx, Slug f t2  x 106 
8 59K 
2 
008s -Range 
O n 4  rbit 
29°K 
1751 
2.98 
.78 
During the study it was assumed that these numbers are close enough to use the 
data generated when the Low-Cross-Range Orbiter was the baseline vehicle. A l l  illus- 
trations of the EPOs do show the High-Cross-Range Orbiter. 
Payload. - The Orbiter payload is assumed to be 37,350.. This weight must 
include the RAM Service Module which is required for all artificial gravity experiment 
payloads and supplies all electrical power, ECLSS and expendables. Neither the RSM 
o r  any other support module must exceed 20,000 lbs. 
Deployment of the payloads from and within the payload bay may use one of the 
two systems shown in Figures 5 and 6. These were shown in recent North American 
Rockwell studies and in Reference 3. 
Personnel transfer from the Orbiter crew compartment and RAM Service Module 
to either the stowed o r  deployed payload will be in a shirtsleeve environment. The 
docking tunnel structure is 120 inches and the hatches are 60 inches in diameter, per  
Reference 2. 
RAM Service Module. - The module selected for use in the study is capable of 
supporting 4 men for a 30 day mission. The module weight will be in the 15,000 - 
20,000 lbs range. It will be approximately 20 feet long. (Reference 3 and 4). 
It is assumed to have 3 o r  4 fuel cell power plants each rated at 6KW. These 
will be capable of providing the power for high acceleration short duration experiments 
and sustaining the lower power level experiments over the thirty day mission. 
The RSM will also supply all environmental control and life support both to 
itself-which includes living quarters for  the Orbiter crew and non-participating experi- 
mentors - and to the experiment area. 
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‘ HY DRAULt C CYLINDERS STOWEO POSITION’ 
Figure 5.  Payload Deployment System - Manipulator 
I 
PAYLOAD DEPLOYED 
FLEXIBLE TUNNEL, \ I  
T 
I 
I 
I 
I 
PRESSURE HATCH 
DRAG LINK WITH ’ 
OVER-CENTER LOCK / 
PAYLOAD STOWED’ 
Figure 6.  Payload Deployment System - Bellows 
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The support module will be equipped to control and monitor the artificial-g 
experiments and will be provided with a work station for this purpose, 
Either the support module and/or the Orbiter will provide momentum exchange 
and torque control. 
Docking Subsystem. - The docking subsystem, Figure 7, is a ring and cone type 
identified as the "Neuter Docking System". The cone engages a matching ring on the 
unit to which the Orbiter is docking. The cone is a machined fitting with four sets of 
docking fingers. The cone is mounted in a ring attached to the Orbiter tunnel and/or 
cargo container by attenuation and pull down cylinders. A set of capture latches, 
attached to the cone, engage pockets in the ring on the docking part of the unit to which 
the 0 rbiter is docking. Actuation of the attenuation/pulldown cylinders join the cone 
attached to the Orbiter to the ring on unit to which the Orbiter is docking. Docking 
latches on the Orbiter ring engage notches in the ring on the unit to which it is docking 
to complete the docking operation. 
There are two capture latch systems. Each system contains two capture latches, 
a total of four capture latches on the cone. There a re  also two attenuation/pull-down 
systems. Each system contains 3 pairs of pneumatic cylinders. Each pneumatic 
cylinder is a 3 inch diameter piston with a 9 inch stroke. They are  powered by accumu- 
lators charged with nitrogen. Either system is capable of completing the docking 
operation. The docking latches, twelve in number, a r e  separate and automatic. Dual 
seals on the ring seal the connection between the Orbiter and mating docking port. 
The docking system is capable of accepting an angular misalignment of *4", a 
rotational misalignment of lt4" and a radial misalignment of f  15 inches. The system 
is capable of withstanding a docking velocity of 0 . 5  ft/sec axially and 0 . 3  ft/sec radially. 
Environment. - The following was abstracted from the M M  RFP issued by NISFG 
and Reference 5. 
Temperature limits for the Orbiter payload bay remain within the following ranges 
fo r  inactive payloads, i . e. , payloads not heating o r  cooling. 
a. 
b. 
d. 
e. 
C. 
Prelaunch, f 120" F. ambient 
Launch, 300" F. maximum ambient 
On-orbit (doors closed) - -150" F . to + 200°F a 
On-orbit (doors open) - payload controlled 
Entry, + 300°F. maximum ambient 
16 
Provisions for thermal control of active payloads are included as part of the 
payload 
rbiter payload bay is vented during launch and operates unpressurized 
during the orbital mission phase. 
Purge of the payload bay is provided by the Orbiter as a nominal requirement. 
The load environment in the payload bay is as follows: 
a. Lift-off 
b. M a x q  
c. Max accelera- 
tion 
d.  Separation 
e. Reentry 
E. Landing 
Static* 
+1.5 
+2.0 
+3.0 
-1.0 
-1.0 
*Steady state load 
e* Dynamic load increment 
1 i2 .0  
A 0  . 40 -0.75(2) 
*O. 25 -0.50(~) 
i3 .0  
-4.0( z) 
-2.O(z) 
0 * 5(Y) 
i2 .0  
i l .  5(y&z) 
i0.25(y &z)  
*2.0(y&z) 
i o  * l(y&z) 
*2.O(z) 
The acoustic and vibration environments of the payload bay are curlrentlg un- 
specified. 
ORB ITER SHOCK ATTENUATORS PASSIVE 
/ 
1. 
CONE MODULE OR 
. 
Figure 7. Neuter Docking System 
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EXPERIMENT PERFOIWIANC E OPTION DE SC RIPTIONS 
In the course of the study, eleven EPO approaches were identified as  potential 
candidates for implementation of the Artificial-g/Zero-g experiments using the Space 
Shuttle transportation system alone. These EPOs are identified by lower case letters 
(f through m) o r ,  in the case of some variations which were tentatively explored, by a 
primed lower case letter (EPOs (g'), (k') and (1')). 
Borrowing from earlier experience which emphasized the impracticality of i m -  
posing high-g, rapid response requirements on nominally low-g, large inertial con- 
figurations, EPO approach (f )  was reserved as a supplementary or  dedicated machine 
which could be used in conjunction with other EPOs in supplying experiment capability 
which was difficult to achieve with the primary approach. This EPO, (f), was subse- 
quently identified as a seven foot radius , high angular velocity centrifuge which would 
provide supplementary capability for re-entry and grey-out experiments. In addition 
to EPO (f) ,  the EPO models which were evaluated are as illustrated in Figure 8 and 
are described briefly as follows: 
EPO (g) is the NAS1-8751 centrifuge mounted in an expandable structure and was 
introduced as a low cost, general capability facility. It has the problems of 
single-subject occupancy and lower radii (10 and 54 ft. ). An expansion of this 
concept, EPO (g'), resulted in radii of 14 ft.  and 59ft. However, development 
risk, cost and power requirements increased considerably for very little gain 
in experiment capability . 
EPO (h) is  a boom mounted shell-centrifuge. The model is designed for two- 
man occupancy a t  radii of 16 ft. and 67 ft. and has a combined habitation and 
experiment chamber of 10 ft. dia. Operation is limited to 1. Og maximum due 
to the large inertia of the machine. Internal space limitations prohibit the 
incorporation of EPO (f) for  high-g capability. 
EPO (i) is an expanded capability version of EPO (h). Increased operating 
radii of 22 f t .  and 67 ft. are possible and volume increase for 4 man occupancy 
appears reasonable. High-g capability can be added by incorporating EPO (f) 
in this version and special problems of deployment ar,d counterbalance appear 
to be manageable. Good overall experiment capability is maintained while pre- 
serving the desirable characteris tics in subjec t/observer separation, transition , 
mixed zero-g/artificial-g exposure and rapid response. 
EPO (j) is a further expansion of the shell-centrifuge concept which was to 
operate without the RSM. This is not a valid assumption under present Shuttle 
round rules. In addition, the cost vs. experimentation capability of this 19 V Q L d  
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approach did not appear to be favorable so further definition of such a concept 
was discontinued. 
EPO (k) is an artificial-g module attached to the RSM by an extensible tunnel 
structure. Excellent capability, especially for  habitability and performance 
assessment can be predicted and, while active transitions and transfer from 
artificial-g to zero-g cannot be effected, a t  least transfer from relatively high- 
g to very low-g can be accomplished. High-g in the form of EPO (f) incorpo- 
ration is also possible. A lower cost version of this approach, EPO (k') is the 
same as EPO (k) except that radial extension capability has been deleted. 
EPO ( I )  features a cable deployed artificial-g module using the shuttle orbiter 
as a counterweight. An alternate version, EPO (l'), was also considered which 
deployed a counterweight and used the Shuttle and RSM as the experiment area. 
This was shown to be impractical and was dropped from the study. 
EPO (m) is a free-flying cable-plus-counterweight concept. 
Each of these EPOs is examined in detail in the following sections. In this work, 
the depth of analysis and description was governed by the apparent validity of the 
concept which was determined as the development progressed. The complexity of 
the design, in some cases, was also an important factor in determining the amount of 
effort devoted to a particular concept. Thus, EPOs (i) and (k) -- due to their com- 
plexity, novel subsystems and good experimentation capability -- were given more 
thorough coverage than EPOs (g) or  (1). In all cases, however, the work was carried 
to the point which allowed meaningful comparisons to be made in the information 
matrix. 
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EPO (f), Figure 9,  is a dedicated machine designed to be a part of a combined 
facility for providing a wide range of artificial-g/zero-g experiments. It supplements 
the large rotatable vehicles o r  other approaches (EPO (i) through (m)) by supplying a 
mechanism on which high-g, short radius, experiments can be performed. The device 
requires only a clear cylindrical section 14.0 feet in diameter by 3 . 0  feet long for  
installation. The main utility of the device is in supplementing the experiment capa- 
bility of EPOs (i), (k), and (k'). 
Operations. - This high-g centrifuge is operated only when the parent vehicle, a 
module o r  other large centrifuge, is in a zero-g mode. Pr ior  to operation, three 
structural supports a re  released to float the centrifuge on the imbalance sensors which 
a re  attached to the structural support bulkhead and to the centrifuge drive ring. These 
supports a r e  normally locked to structurally attach the centrifuge to a support bulkhead. 
They react launch, entry and other loads imposed on the centrifuge. The test subject 
will enter the centrifuge through a tunnel and a hatch built normal to the tunnel. Sys- 
tems will be activated and checkout will proceed. When all subsystems are checked 
out the hatch will be closed and the centrifuge spun to a low rpm and manual monitoring 
of the imbalance system will be made. If all sensor output is within tolerance spin up 
to the desired experiment rpm will proceed. 
Characteristics. - The centrifuge is designed for  single-subject occupancy in 
sitting o r  reclining positions for periods up to one-half hour. It can be programmed 
for various rates and angular accelerations and includes an active counterbalance sys- 
tem. It provides up to 6.5-g at 52.3 rpm at the floor which is at a fixed radius of 7.0 
feet. The test subject either sits in o r  lies on a couch attached to the floor. 
Design Description 
The high-g centrifuge is contained entirely between two bulkheads spaced 34.0 
inches apart. The centrifuge is attached to only one of these bulkheads. A 38.0 inch 
clear tunnel provides passage thru the centrifuge while it is operating. 
The ring which attaches one end of the tunnel to the bulkhead, provides structural 
support for the centrifuge during launch and operation. Three steel "A"-frame arms 
are attached to and pivoted from the inside of the bulkhead ring. For launch, these 
arms swing outboard, penetrating the tunnel skin. Spherical sockets on their outer 
ends engage spherical bosses on fittings on the centrifuge beams. A t  all times, except 
during its operation, the EPO (f) centrifuge is supported by these arms. They provide 
the only structural connection to the parent vehicle. 
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In this configuration, access is available from tunnel to centrifuge via hatches. 
The tunnel hatch, which has a double cover opening inward, registers with a hatch with 
cover opening inward to the centrifuge. 
The centrifuge drive ring is the link between centrifuge and parent vehicle during 
centrifuge operation. Three pairs of rollers, located 120" apart on the drive ring, en- 
gage a raised rib on the bulkhead ring, fixing the position of the drive ring concentric 
with the bulkhead ring and tunnel but permitting it to rotate. 
A ring gear attached to the drive ring is driven by a geared electric motor sup- 
ported by the bulkhead. Driving torque is transmitted from the drive ring to the centri- 
fuge through the imbalance sensors . 
Imbalance sensors are  described in detail in Reference 6 which also describes 
their arrangement and installation. 
The "lower" o r  spread end of each pair of sensors is attached to the drive ring. 
The "upper" end uses a locating device as described in EPO (h), which permits the 
sensors to be disconnected, then connected for use in a repeatable location on the 
centrifuge beams. 
For  conversion to operation configuration, after the subject is aboard, the A -  
frame arms are  unbolted and the sensor lock fitting bolt is torqued up. While the 
centrifuge is in operation, sliding panels on the tunnel wall cover the access holes in 
the tunnel. 
Weights 
A weight of 748 lbs was estimated for this EPO. The estimate is based on one- 
man occupancy. It includes the active balance system, the hub and drive system, a 
small experiment chamber, a structural floor, the test subject, and the couch. 
The mass moment of inertia of this EPO, calculated using the weight estimate, 
is 560 slug-ft2 o r  17,950 ft-lb-sec2. 
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General Description 
EPO (g), Figure 10, consists of a centrifuge module rigidly attached to the RSM 
by a short conical adapter. The module is made in such a way that its geometry can 
be changed from a semi-cylinder of 14.0 ft.dia by 26.0 long to a shape approximating 
a sphere 22.0 f t  in diameter. The module consists of two flat sandwich bulkheads hav- 
ing a twelve sided polygon shape and "semi-cylinder" walls which are made from flat 
panels joined at the longitudinal seams with foldable gore sections. Deployment is 
effected by pressurizing the module until the nearly spherical shape is obtained. The 
shape is controlled by the flat panels which bend in one plane assuming a barrel stave 
geometry and the foldable gores which form spherical segments between the deflected 
panels. A 48.0 inch diameter tunnel is attached perpendicular to the flat sandwich 
bulkhead which is adjacent to the RSM. The tunnel is turned 90" at its opposite end to 
terminate on a stationary drive ring assembly. The tunnel is used to mount the centri- 
fuge and is used for access to and from the RSM. 
The centrifuge used in this configuration is that described as EPO(b) in Volume 
I1 of this report, the principal features of which a re  the experiment chamber, the 
hub, and the counterbalance assembly. The experiment chamber is a room-like en- 
closure which houses all experiment activity. It is designed as a continuous shell and 
contains a walking floor and attachment fixtures for the orientation and support of ex- 
periment equipment. It also houses habitation equipment, bed, work surfaces, waste 
collection, etc. The hub assembly serves as the interface connection between the 
experiment chamber, the counterbalance equipment and the module. The hub consists 
essentially of two ring-structures connected by three equally spaced posts o r  columns, 
one of which is in line with the counterbalance assembly attachment and the other two 
aligned with the hub/chamber wall intersection. Openings between the posts provide 
access from within the hub into the experiment chamber and the centrifuge module. 
Interface with the tunnel is accomplished by providing a bearing (roller support system) 
and a drive ring at one end of the hub. The main drive system is on the non-rotating 
(tunnel) side of the hub. The counterbalance system has three major elements, the 
imbalance sensors which are mounted between the drive ring and the hub structure, 
the swing frame counterweight and a pair of counterweight frames mounted on the ex- 
periment chamber. The swing frame has a counterweight which can be moved radially, 
and vertically for dynamic balancing and can be swung in the plane of spin to accommo- 
date mobility experiments. The experiment chamber counterweights enable a test sub- 
ject to make transitions from the zero-g environment to the rotational-g environment 
while the centrifuge is in motion. 
A series of simple tubular struts are installed to provide support for both the 
centrifuge and the module during launch and reentry. Two of these struts are attached 
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to the tunnel and the bu furthest from the ~ These will be removed before 
inflation of the module. different location on the .tunnel 
to help the module retain its shape in the event of a pressurization system failure. 
will be reattache 
Operations - After launch and the attainment of a stable orbit by the shuttle 
orbiter, the cargo bay doors will be opened and the RSM (with the centrifuge module) 
erected and locked in position. Two of the launch support struts will be released and 
the module pressurized, when the desired geometry is attained by the module the struts 
will be reattached. A f t e r  the module is in the operational configuration, the crew will 
enter the module via the RSM adapter and the tunnel, and the centrifuge prepared f o r  
operation. 
Characteristics - The manned complement for this EPO will consist of two shut- 
tle Orbiter crew members, a test subject and a test conductor, making a total crew of 
four. The two Orbiter crew members may be utilized as test subjects. 
The centrifuge is designed for  normal occupancy by one test subject at a time. 
The spin radius is fixed, with the mobility floor at 110.0 inches. The centrifuge in- 
cludes the equipment and the facilities needed to perform most of artificial-g/zero-g 
experiments identified by the AGC. The centrifuge provides a range of g-level from 
zero to 6.5 over an angular velocity of 0 to 43.7 RPM. 
Design Description 
FtAM Support Module - During this study it has been assumed that the RAM Sup- 
port Module (RSM) is sized for a four man thirty day mission. For  most of the EPOs 
discussed in this report the RSM will be operating in an attached mode, that is, fixed 
to the shuttle Orbiter. The RSM subsystems will be common to and compatible with 
the matching subsystems in the Space Station, Shuttle Orbiter and the experiment (RAM) 
modules. 
The standard RSM is joined to an experiment module by a standard space station 
neuter docking system. The RSM is basically a 15 foot diameter by approximately 20 
foot long cylindrical assembly. Within this envelope are three separate compartments, 
a central airlock, a single-deck living compartment and an annular,unpressurized ,sub- 
system support section around the airlock. This section contains electric power and 
the cryogenic consumables. It also contains the retractable RCS nozzle assemblies 
and propellant tanks used during the detached o r  free flying missions. 
The forward end of the airlock incorporates a passive docking ring which inter- 
faces with the deployment/retrieval manipulator in the Orbiter. This manipulator is 
basically a hinged device that rotates the RSM and experiment (centrifuge) module out 
of the Orbiter payload bay. It was assumed that the payload can be placed and locked 
at any angle up to 90" by the manipulator. Access to the RSM and the centrifuge from 
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rbiter is through a flexible tunnel in the manipulator mechanism. 
E t  was also assumed that the basic structure of the M is a skin-stringer con- 
figuration with flat honeycomb bulkheads between compartments. Environmental 
control radiators and insulation are attached to the external stringers of the basic 
shell structure 
The application of the RSM to this EPO requires the removal of the active dock- 
ing system. The centrifuge module is attached to RSM at the docking ring through a 
conical adapter. Emergency jettison is accomplished by a separation system on this 
adapter. 
Centrifuge Experiment Module - The module consists basically of an inflatable 
12-sided cylinder made from a composite of materials, a pair  of honeycomb sandwich 
bulkheads and an internal tunnel structure which provides access from the RSM and 
which supports the centrifuge. 
The internal tunnel is an aluminum structure attached to a bulkhead by a support 
ring and six tubular struts. The centrifuge is mounted through the bearing and imbal- 
ance sensors to this tunnel. 
Both sandwich bulkheads are of identical construction except for the addition of 
a ring for the RSM adapter and an access hole and ring on the bulkhead adjacent to the 
RSM. The bulkheads a re  made with framing rings, honeycomb core and face skins all 
made of aluminum. The outer frame is a one-piece, machined, 12-sided ring with a 
continuous flange machined on its periphery. The outer edge of the bulkhead uses a 
dense honeycomb core to react discontinuity effects and local moments, with a lower 
density core used for the remainder of the bulkhead. The face sheets are machined to 
various thicknesses to act as local doublers and to provide the necessary reinforcing 
areas. 
The module walls are made from 1 2  flat panels which bend in one plane and 12 
gored panels which will have double curvature when deployed forming spherical seg- 
ments. The final shape of the deployed module is nearly spherical. Technology exists 
for expandable o r  foldable structure as represented by the A i r  Force D-21 Expandable 
Airlock Experiment (Contract F33615-67-C-1380) and the NASA-LE Lunar Shelter 
(Contract NAS1-4277). Further work has been done by Goodyear Aerospace for  mater- 
ials technology advancement (Reference NASA CR-66948). Data from these sources 
indicate that a four layer composite material construction is a feasible approach to 
the walls of the experiment module. The composite consists of an unstressed inner 
layer functioning as a pressure bladder, a structural layer, micrometeoroid barrier 
and a.n outer cover which provides a smooth-surface for the application of thermal 
coatings. A t  this time no attempt has been made to define the details of the expandable 
structure except to note the different requirements for  the flat panels and the gored 
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eights were selected from the Goodyear data with a basic weight of .70 lbs/ 
f t2  plus .50 lbs/ft2 . fo r  joints, seams and the foldable gores to make a total of 1 ~ 20 
lbs/ft2 fo r  the cylindrical section of the module. 
The Centrifuge - The centrifuge used in this E has been briefly described in 
the general description of this EPO. Further details a r e  described in Reference 6 
and under EPO (b) in Volume 11 of this report. 
Weights 
The weights shown in Table 4 were estimated assuming the RSM will provide 
all expendables to the centrifuge module. The centrifuge module will only require a 
minimum of additional thermal control, data management and electrical power over 
that provided by the RSM. These are shown in the table as separate items but probably 
will be part of the RSM. The centrifuge and the experiment package weight data is 
from EPO (b). 
The weight data shown for this and each of the following EPOs was extrapolated 
in part from Convair' s Experiment Module/RAM studies (Reference 1) and the Shuttle 
Orbital Applications and Requirements (SOAR, Reference 3) proposal for a proposed 
study of Shuttle only payloads. Other weight data was generated by analysis o r  empiri- 
cal methods and/or from the previous centrifuge studies performed by Convair for  
NASA -Langley . 
In all cases it has been assumed that the Orbiter two-man crew will be available 
to participate in the experiments and will be assigned duties as test subjects, conduc- 
tors, o r  may be on a standby status either in the RSM o r  the Orbiter. The basic 
weight of the RSM is adjusted to reflect the location of and the total number of crew 
men assigned to the mission. The basic RSM weighs 19,365 lbs including expendables 
for a four-man thirty-day mission. 
The total payload capability of the shuttle Orbiter is 37,350 lbs which can be 
delivered to a 200 n.mi. orbit at a 28 1/2" inclination. The difference between this 
capability and the total weight of an EPO is defined as the payload margin. 
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e 4, Estimate 
Ram Service Module 
RSM Adapter 
C rew Tunnel 
Bearing Rings 
Centrifuge Module 
Launch Support Struts 
Supporting Structure 
Crew 
Personal Effects 
Food, O 2  & Water 
ECS 
Thermal Control 
Data Management 
Power (Elect) 
Centrifuge (EPQ b) 
Experiment Packages 
Contingency 
Payload Margin 
Total 
16,875 
288 
123 
62 
5,152 
16 
12 
800 
120 
2,120 
50 
50 
110 
100 
1,300 
300 
1,000 
9,423 
37,350 Ib* 
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EPO (g'), Figure 11, developed from a study to determine the maximum size 
centrifuge that can be installed into a deployable module of the type shown in EPO (g), 
the maximum size to be constrained by the payload capability and the geometry limita- 
tions of the Orbiter payload bay. The study showed that a centrifuge with a 14.0 foot 
radius floor was feasible. This results in a module with a shape approximating a 
sphere of 30.0 foot diameter. The study also showed that it was the length of the pay- 
load bay and not a weight limitation that restricted any further increase in the centri- 
fuge radius. 
The module is similar to that described for EPO (g), and consists of two flat 
sandwich twelvesided bulkheads, and a semi"cy1inder" made from twelve flat and 
twelve foldable gored panels. In an identical installation to EPO (g), a 48.0 inch dia- 
meter tunnel is used as access to the RSM and for mounting the centrifuge. The 
centrifuge is mounted to the tunnel via the bearing and imbalance sensor system. 
The centrifuge used in this configuration is similar to that described in EPO (8) 
except that the floor radius has increased from 10.0 feet to 14.0 feet. The increase in 
radius results in a larger experiment chamber, a larger counterbalance swing frame 
and a heavier counterbalance system. The larger experiment chamber will only 
slightly increase the experiment capability of this EPO over that in EPO (g). The 
major advantage of this EPOi i s  the more spacious living qyarters for the habitibility 
experiments. 
Because of the similarities, the Operations and Characteristics of this EPO are 
the same as were described for EPO (g). The design details of the centrifuge and 
module are identical, except €or dimensional differences, to those of EPO (g). 
Weights 
The weights shown in Table 5 reflect the increase in the M M  adapter, the 
module and the centrifuge weights over those shown for  EPO (g). It also shows the in- 
creased weight of the tunnel and bearing system. The weight increases are due pri- 
marily to the change in geometry. The increased weight of the experiment package is 
due to the increased capability possible in the larger experiment chamber. 
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Table 5, EP (g' ) Preliminary Weight Estimate 
Ram Service Module 
RSM Adapter 
C rew Tunnel 
Bearing Rings 
Centrifuge Module 
Launch Support Struts 
Supporting Structure 
C rew 
Personal Effects 
Food, O2 & Water  
ECS 
Thermal Control 
Data Management 
Elect. Power 
Centrifuge (Growth of EPO b) 
Experiment Packages 
Contingency 
Payload Margin 
Total 
16,875 
32 5 
150 
75 
6,582 
20 
15 
800 
120 
2,120 
75 
50 
110 
150 
1,800 
500 
1,000 
.6,618 
37,350 Ib. 
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EPO (h) 
EPO (h), Figure 12, consists of a centrifuge experiment module attached to 
the RSM by a rigid tubular structure which serves a s  a passageway between the RSM 
and the centrifuge module. The rotating portion of the centrifuge is composed of two 
concentric shells. The inner shell is attached to the outer shell only at the imbalance 
sensors. The outer shell carries the pressure load and is attached to the supporting 
boom through the main bearing. This configuration is termed the "shell centrifuge'" 
Operations - A f t e r  launch of the shuttle and attainment of a stable orbit, the car- 
go bay doors are opened and the RSM (with the centrifuge module attached) is erected 
and locked in position so that the rotatable shell clears the edge of the cargo bay. Dur- 
ing launch, the centrifuge module will be pressurized with its systems dormant and will 
be unoccupied. A i t e r  the module is deployed, the crew will enter the centrifuge from 
the RSM through the access tunnel in the support boom. Systems will be activated and 
check out will proceed. When all sub-systems have been checked the crew will leave 
the centrifuge prior to initial spin up. The centrifuge will be spun to a very low rpm 
and manual monitoring of the imbalance sensor output will be made. If all sensor out- 
put is within tolerance (near zero), the counterbalance system will be locked and the 
centrifuge spun up to its maximum rpm. Reaction of the orbiter which may indicate 
an imbalance in the outer shell will be observed and trimmed out as required. The 
centrifuge will then be reoccupied, the counterbalance system reactivated, and spin 
up to the desired experiment rpm will proceed. 
Characteristics - The centrifuge module is designed for  normal occupancy by two 
crew members and provides equipment and facilities to perform the full range of arti- 
ficial-g/zero-g experiments identified by the AGC . The spin radius is fixed, with the 
habitability area floor at approximately 190 inches. The configuration provides a range 
of g-level from zero to one g over an angular velocity range of 0 to 14.0 rpm. This trans- 
fer of men and equipment between the centrifuge module and the RSM is possible at all 
times during rotation. 
Design Description 
The RAM Support Module - The RSM used in this EPO is the standard four man 
thirty-day module described in EPO (g) . A short cylindrical adapter bolted to the 120.0 
inch diameter docking ring on the RSM provides the major interface between the RSM 
and the centrifuge. The adapter is a stiffened cylindrical shell with two major struc- 
tural rings. One ring bolts directly to the RSM, the other is attached to the centrifuge 
tunnel structure. The latter ring houses an emergency jettison system that can be 
used to separate the centrifuge from the RSM. 
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ge structure is m ajor elements, 
a fixed tunnel that attaches to the RSM adapter and the rotating portion of the centrifuge 
which consists of two concentric shells. The outer shell only is attached to 
system on the tunnel structure. er miscellaneous structure includes the 
tunnel support fittings, the launch restraint system and the brace linkages. 
The structural components are designed to withstand all loads and combinations 
of loads resulting from ground handling, during all phases of the launch of the shuttle 
from the separation of the Orbiter through all orbital operations to the subsequent 
reentry and landing of the Orbiter. 
The centrifuge is supported in the Orbiter payload bay at two places, by the 
attachment of the tunnel at the RSM adapter where all the longitudinal loads are reacted 
and at the hub area on the tunnel to fittings which attach to the Orbiter. These fittings re- 
act lateral loads in two planes only and do not provide any longitudinal support. The 
longitudinal loads from both the inner and the outer shells are concentrated at four 
longerons and are  carried into the RSM adapter with the two launch restraint fittings. 
These fittings have a mechanism for linking both the inner and outer shells during 
launch and entry but can be unlatched and hinged at the RSM to clear the centrifuge dur- 
ing orbital operations. The centrifuge, the tunnel and the RSM adapter a re  designed 
for a normal internal pressure of 14.7 psig with an appropriate margin of safety. The 
centrifuge is designed to accommodate equipment, in various locations and configura- 
tions for performing zero-g, artificial-g and habitability experiments. The weight 
statements shown in this volume of the report a re  based on desigps using conventional 
materials and construction techniques, 
The centrifuge structure consists of a light pressurized outer inclosure which 
surrounds but does not contact the inner shell except at the imbalance sensor net. The 
outer shell is designed to react pressure loads and to provide environmental protection 
f o r  the test subjects. It consists of a stiffened pressure shell with thermal insulation 
and a minimum weight micro-meteoroid bumper. The ends of the outer shell structure 
are closed off with semi-spherical bulkheads. 
The inner shell consists of a habitability/experimentation area and a counter- 
balance area connected across a central hub. The basic structural shape is that of a 
long cylinder intersected by a second cylinder which serves as the hub. No significant 
pressure differential exists across the cylinder so that in operation only inertial loads 
must be reacted. In all cases, low mass and high rigidity must characterise the rotat- 
ingportions of the maching. The use of the high modules low density composites such 
a s  graphite epoxy, boron epoxy and boron aluminum is recommended for the base line. 
A s  stated before tlie weight statements reflect designs using the aluminum alloy, thus 
the weights shown will tend to be conservative. During launch, mechanisms are pro- 
vided which disengage the sensor net and link the inner and outer shells at the forward 
bulkhead and at the hub. Axia l  launch loads are reacted through the forward bulkhead, 
with the major load path from the hub consisting of 4 longerons which also serve as 
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are reacted t h ~ u g h  
nt with the spin passed into the cargo 
- The vertical access tunnel is the %xlegg of the 
centrifuge. It mounts the main bearing, drive system, rotary seal, duct work and 
launch locking systems. It transmits all imbalance and launch loads between the inner 
and outer shells and the fixed hub structure. 
Launch Locking System - The magnitude of imbalance to be tolerated is independ- 
ent of centrifuge configuration. Therefore, the imbalance sensors and gravity compara- 
tors described in Reference 6, a re  used in the present design. Their specifications 
appear on Page 85 of Reference 6. The upper fitting is modified as  shown on Fig- 
ure 13' to provide a disconnect feature, permitting the sensors to be cpickly discon- 
nected from the inner shell structure, and reconnected in a precisely repeatable 
position. 
A s  the imbalance sensors a re  incapable of sustaining the weight of the inner 
shell, they must be disconnected for all phases of operation except checkout with 
gravity compensators o r  actual centrifuge use in orbit. This is done by loosening the 
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Figure 13. EPO (h) - Drive and Rotary Interface Details 
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handwheel which clamps the ~~V~~ notches of the fitting against the half-round locating 
blocks on the inner shell. These blocks and notches are  arranged in a 90" crossed 
pattern so that the upper lock fitting position is precisely repeatable, with a degree of 
lead-in. With the sensor fitting unlocked, the inner shell is physically disconnected 
from the outer shell. 
The locking strap is a flat steel tension member, in the form of a hoop, wlth 
bathtub fittings joining its ends. A number of wedge shaped aluminum segments are 
attached to its inner surface. 
When the strap is located with the wedges between the ramped surfaces of the 
tunnel and the inner shell support ring, and is tensioned by a bolt through the bathtub 
fittings, the inner shell support ring is forced down .2" relative to the tunnel. This 
motion first closes the .1" gap (measured vertically) between the mating, conical sur- 
faces of inner shell support ring and outer shell support ring. The second .1" travel 
drives the outer shell support ring downward, disengaging it from the conical surface 
of the drive ring and driving it against a conical surface at the lower end of the tunnel. 
The inner shell, outer shell, and tunnel are all firmly locked together for support 
during launch and ground handling. 
In preparation for operation, when the locking strap is removed, internal atmos- 
pheric pressure forces the outer shell up, disengaging its lower conical surface from 
the mating surface on the tunnel. A t  . 1" upward motion, the upper cone engages the 
drive ring, transferring the pressure load onto the main bearing. 
A s  the handwheels on the load cell lock fittings are tightened, the "VI' notches 
engage the semi-circular blocks and force the inner shell to rise . l", disengaging the 
inner shell from the outer shell at the support rings. 
The inner shell is now located with respect to the outer shell solely by the load 
cells, and the outer shell is held in engagement with the drive ring and main bearing 
by internal pressure. This is the operating configuration. 
The force resulting from 14.7  .psi internal pressure acting over the 40" seal 
diameter is (40)2 
under imbalance moments up to 31,500 f t .  lbs. 
x 14.7 = 18,450 lb., which is sufficient to prevent disengagement 
4 
Drive Svstem. - The drive ring is an aluminum ring, turned with a conical outer 
surface to engage the upper end of the outer shell support ring. The lower half of the 
inner surface is cut to form a spiral internal gear (5 diametral pitch and 2'" face width, 
204 teeth). The entire lower half is hard anodized. The upper half is shrunk onto the 
outer face of the main bearing, and is formed with an abutment to react thrust loads 
into the bearing. 
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The power transmitted by this gear consists of seal and bearing friction, accel- 
leration, and onboard power. Assuming 30 psi contact pressure and a coefficient of 
friction of .05,  the seal torque is 
30 x .25  x 40 T x 20 = 18,900 in-lb 
bearing torque, assuming friction = '01, is 
18,450 x .01 x 20 = 3690 in-lb. 
Onboard power is assumed to be 2 horsepower, which at the lowest speed of 
5 rpm is equivalent to 
33,000 x 2 x 12 = 25,200 in.lb 
5 x 2 x n  
total gear  load = 25,200 
18,900 
3,700 
47 , 800 in-lbs. 
47.800 = 2,340 lb 
20.4 
The drive pinion has a 20 tooth, 2 in wide nylon face member bolted to a splined 
steel hub. The hub is located and driven by a splined steel shaft, supported by sealed 
ball bearings in a housing which bolts directly to the tunnel, beneath the joint. Barrel 
nuts in the housing flange pick up tunnel joint bolts. 
The tooth stress in the pinion is, from the Lewis equation, 
w S = -  
PFY 
S =  2340 = 1875psi 
5 x 2 x . 1 2 5  
W = load 
P = diametral pitch 
F = face width 
y = foam factor, .125 for a 
20 tooth 20' stub pinion 
The total stress in the4.ng gear  is lower because of the better tooth forms of 
the internal gear configuration. 
Main Bearinn - The main bearing is an angular contact, double sealed ball bear- 
ing with an integral internal flange. 
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. - An annular volume is bounded internally by the tunnel, externally by 
the outer shell support ring; at the upper end by the drive ring and main bearing, and 
at the lower end by a flange on the tunnel and the main rotary seal, This volume 
forms a plenum which is used to connect conditioned air supply to the rotating centri- 
fuge. It is compartmented by a single-pass labyrinth formed by two conical baffles - 
the upper one attached to the tunnel, the lower one rotating with the outer shell support 
ring. Supply air is ducted into the upper compartment, from which it passes between 
the baffles and into the lower compartment. Further ducting supported by the outer 
shell distributes the a i r  within the centrifuge as required. 
The baffles eliminate pressure fluctuations and noise which would be caused by 
the plenum outlet port passing opposite the inlet port during rotation of the centrifuge. 
This noise attenuation should be effective with low pressure drop because of the nearly 
10 foot circumference of the baffles. 
Main Rotarv SeaL - The main seal is a dry contact, metal-to-carbon rubbing 
seal. The primary problem of applying any low-leakage rotary seal to a joint of this 
configuration and size is the large structural and thermal deflections which may be 
anticipated in the seal mounting surfaces. Space limitations preclude flexibly support- 
ing rigid seal faces, and rigid faces of the required 40 inch diameter are  unlikely to 
be within the flatness tolerance dictated by leakage limits. Much smaller seals require 
flatness within 4 to 10 light bands. 
The approach selected was to use one conventional seal face, whose rigidity 
would be low enough to conform without damage to mounting surface deflections, and 
one very flexible seal face, which can conform to irregularities in the rigid face. 
The stationary member is a carbon ring bonded to a supporting steel member 
which bolts to the lower tunnel flange. The rotating member is a thin metal ring with 
integral driving lugs at 90" intervals on its outer edge. These lugs engage slots in the 
drive ring, which attaches the rotating assembly to the outer shell support ring. The 
rotating ring forces the rotating seal against the stationary seal by a large-section, 
elastic cheveron ring, which seals the rotating ring and acts as a continuous elastic 
support. The rotating ring is thus permitted to flex axially to compensate f o r  deforma- 
tion and flatness variations of the stationary ring. A metallic bellows seals the rotat- 
ing ring to the outer shell support ring, supplies preload to the seal faces, and absorbs 
the .1" axial motion that occurs (between the tunnel and the outer shell) hen the shells 
are locked for launch. i 7 
This configuration will permit flatness to be specified over any small segment, 
with no requirement for  overall flatness beyond'normal machining tolerances. 
Power. - While the centrifuge is stationary it receives its supply of electric 
power from the RSM by an umbilical, which is disconnected before rotation is begun. 
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During rotation, both electrical and hydraulic power is furnished by a power-package 
which is belt-driven from a pulley on the tunnel. 
tion to angular rates required for adequate power-pack output, the systems are sus- 
tained by batteries and hydraulic accumulators. The 5:l speed range nominally 
required by the power-pack exceeds the flexibility of readily available equipment, mak- 
ing a constant speed drive highly desirable in this system. This may eliminate the 
requirement for an on-board inverter. 
uring the transition from non-rota- 
Counterbalance Svstem - Full static and dynamic balancing of the centrifuge is 
achieved by positioning of a 400 lb counter weight in response to imbalance signals from 
a force sensing network. The motion envelope of the counter weight is roughly equiva- 
lent to the envelope of crew activity in the experimentation and habitability areas of the 
module. Counter balance position is achieved by fully modulating servo drives which 
translate the counter balance along three orthogonal axes, one which is radially oriented 
with respect to the axis of spin and the other two which a re  canted 45" with respect to 
a plane of symmetry through the spin axis. The 45 degree rotation of minor translation 
axis results from structural considerations (which indicate that the radial translation 
track should enter the hub tangentially) and the desire to maximize the available motion 
envelope in the other diredtions. The base line actuation system assumed consists of 
high pressure, hydraulically operated linear actuators connected to the counterbalance 
traverses by stroke multiplied steel tapes. Four, double ended rams a re  employed in 
the radial traverse and two, dual, double ended units are employed in each of the minor 
axis. The system is assumed to be designed to fail-operate/fail-safe criteria. 
Counter Momentum System - A counter momentum system will be required to 
resist torques due to spin-up and spin-down of the centrifuge. It is not clear at this 
time which type (CMG o r  mass expulsion) counter momentum system is most advanta- 
geous. However, the mode of operation (more o r  less continuous) and the ability to 
perform transitions without stopping the centrifuge suggests the expulsion reaction 
altitude control system of the orbiter will suffice. Such an assumption will be made 
for the base line concept. 
Thermal Control - Thermal control in the centrifuge module is achieved through 
insulation and coatings on the outer rotating shell and boom and by conditioning module 
atmosphere which is circulated through and around equipment heat sources. An air/ 
fluid heat exchange, transmission and dissipation system employing external radiators 
on the module boom is incorporated in the design. 
Deploment - Mechanism for initial rotation of the RSM and artificial-g module 
(centrifuge and tuntiel structure) is chargeable to the Orbiter; however, the artificial-g 
module will have to include automatic release mechanisms which disengage the module 
from supports in the cargo bay. These release mechanisms are located at the mid- 
section of the centrifuge and will carry lateral loads from the centrifuge support boom 
to the cargo bay structure. An additional latch is furnished to attach the brace linkage 
to the pressure shell for  greater stability during launch. This same latch used to 
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lock the brace linkage in the extended position. An additional lock position 
mately 15') is provided in the main rotation mechanism. Axia l  loads from 
and outer shell of the rotating assembly during launch are transmitted directly to the 
M adaptor by a temporary launch restraint. The system requires that the inner 
and outer shells be jointed at the forward bulkhead at o r  near the end of the counter- 
weight radial track in a manner which will allow transmission of loads from the inner 
shell to the launch restraint linkage. This necessitates immobilizing the sensors and 
substituting a mechanical link during launch. The bearings require similar temporary 
protection during launch. 
The deploym edre t rac t ion  subsystem incorporates : 
(a) Automatic latching and release mechanisms at both extended and retracted 
positions for  main rotation mechanism and braces. 
(b) Automatic latching and release for launch restraint bearing, sensors, and 
brace linkage. 
(c) Monitoring of latch position. 
(d) Tunnel which contains air ducts, power cable, hard line communications, 
lighting, and zero-g mobility aids. 
Docking and Latching - Provisions a re  made for  a standard docking interface 
between the centrifuge module boom and the RSM with the active docking mechanism 
removed. 
Jettison - In the event of a failure in the centrifuge module retract mechanism 
which would prevent restowage of the centrifuge module in the Orbiter cargo bay, the 
module must be jettisonable. The system is arranged so that inadvertent jettison can- 
not occur. 
Guidance and Navivation - A l l  guidance and navigation functions will be carried 
by the Orbiter. 
Propulsion - Not applicable to module operations. 
Thermal Control - A thermal control system will be required in the artificial-g 
module. This includes appropriate insulation of the module walls and active heat 
rejection system to remove thermal loads from operation of the machinery and elec- 
trical/electronic systems. A s  a base line, the system shown is an air/fluid exchange 
loop. Cabin atmosphere is circulated from the RSM through the personnel tunnel in 
the module boom and distributed throughout the module. Heat is rejected by crew and 
equipment operation to the atmosphere which is returnedto the RSM through a plenum 
in the hub and peripheral air ducts in the module boom. Air/fluid radiators in the 
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boom ducts remove excess thermal energy from the return a i r  and transfer it to the 
external radiator system where it is rejected to space. The system includes a coolent 
circulati on network and associated equipment (reservoir, pumps ,valving, control and 
monitoring circuits, etc ~ ) located in the module boom. & 
Communications - Hard line voice and telemetry communication between the 
centrifuge module and the RSM will be required. 
Data Handling - Hard line transmission of experiment data between the centrifuge 
module and the RSM is required. The RSM is assumed to provide all required storage 
and processing equipment. 
Control, Checkout and Monitoring - These functions a re  assumed to be provided 
by and from the RSM/Orbiter. Appropriate sensors and other monitoring equipment 
must be included in the centrifuge module subsystems. 
Power - Electrical power will be drawn from the fuel cell power system in the 
RSM supplemented by solar cells as required. The centrifuge module will provide 
transmission lines, interface connection and power conditioning. Major loads will 
consist of lighting, hygiene equipment operation, food preparation, thermal control, 
atmosphere circulation, communications extend/retract actuation, and rotation drive. 
Power transmission to the rotating assembly will be by tachometer generator. 
Life Support Gases - Reserve 02/Nz for make-up to replace tunnel and centri- 
fuge module leakage will be carried by the centrifuge module. 
Communications - Communication across the rotating interface is provided by 
RF link and includes voice, video, data and monitoring channels. 
Water (Bio/Hygiene Fluids)- Water for use by the crew is stored aboard the 
rotating assembly and serves as part of the static counter balance mass. A water 
storage, distribution and collection system is included in the design. 
Control, Checkout and Monitoring - These functions are assumed to be carried 
out from the RSM. 
Design Description - Experiment Equipment 
Habitability Equipment - Provisions a m  included for two-man occupancy over a 
30-day period, and permits the evaluation of all factors indicated by the habitability 
experiment group. This includes heating and preparation of food packets; dining area, 
sleeping area; recreation area and a hygiene facility containing shower, waste collec- 
tion and waste disposal. Adequate storage is provided for habitability items. A s  far 
as possible, equipment and furniture is capable of rearrangement and reorientation 
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with respect to the spin plane, A full 3 food, water, etc.) 
need not be stored within the rotating assembly as these items may be transferred in 
bulk while the centrifuge is in operation. Similarly, waste products may be encapso- 
lated and periodically removed for  storage within the boom o r  the module adaptor. 
Emeriment P a c k e  - The following experiment packages are integrated into 
the design: 
Bench Tasks: Work area and tools to perform such tasks as 
component inspection and repair, evaluate 
fine motor performance, handle reagents 
and fluids, etc . 
Psychomotor Test Console : 
Hygiene: Provision is made to evaluate various designs 
of hygiene equipment other than that provided 
for normal habitability. 
Vestibular Experiment 
Package: 
Includes such instrumentation as lighted 
periphery, OGI target, electrodes, rotary 
tracking target, head movement sensors, 
bite bar, counter rolling camera, NVDI, etc. 
Subject Couch: 
Couch Positioning Mechanism 
and Drives: 
Mass  Measuring Device: 
LBNP: 
Radial Translator: 
Bicycle Ergometer: 
Variable Contour Floor: 
Variable Wall Panels: 
Variable Position Furniture: 
44 
Calibrated Cargo Packages: 
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Sample Analysis ass Spectrometer 
(Assume carried by RSNI) lood Analysis Equipment 
Urine Analysis 
Feces Analysis 
Weights 
Table 6 indicates the weight of each of the individual items in this EPO. In 
the case of the major structural elements the weights were derived by simplified analy- 
sis and empirical methods. Other weights were derived by estimate and o r  comparison 
with similar items in previous Convair studies. 
Table 7 shows a preliminary weight estimate of the complete EPO with the 
RSM sized for a total of four men for thirty days. 
Mass  Moment of Inertia - Table 8 shows the approximate mass moment of 
inertia of this EPO. The table shows the product of all the fixed items, to this is added 
the minimum and the maximum experimental conditions. In the first case one test sub- 
ject is in the access tunnel adjacent to the hub and the counterweight is in the retracted 
(minimum) position. The maximum case is that of two men in the bunks and the counter- 
weight fully extended. 
The mass moment of inertia was calculated lumping masses together, Io (the 
moment of inertia of the mass about its own axis) was calculated only for  the significant 
masses. 
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e 6. 
RSM Adapter 
Rings & Frames 
Skin 
Misc 
Centrifuge System 
Launch Restraint 
Tubes 
Fittings 
Attachments 
Actuators & System 
Misc 
Tunnel & Rings 
Conical Sect 
Elliptical Sect 
Outer Ring 
Pressure Diaphragm 
h e r  Tunnel 
Plenum Chamber 
Retaining Rings 
Seal 
Fixed Journal 
Roller System 
Roller Support Ring 
Lockout System 
Sensor Mount Ring 
Sensor fntereostals 
Radial Beams 
Inner Ring 
Seal Ring 
Pressure Diaph am 
Seal System 
Main Bearing 
Secondary Hub 
7 
Balance System 
Sensors &.Fittings 
*Brackets indicate major assembly subtotal. 
Weight (lb e ) Totals 
* (200) 
94 
80 
26 
(6345) 
110 
23 
6 
2 
65 
14 
561 
90 
304 
85 
34 
15 
25 
25 
15 
40 
140 
30 
15 
70 
25 
70 
15 
9 
10 
10 
34 
148 
9 
9 
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Table 6 .  EPQ (h) Detailed Weight (Contd) 
Main Hub 
Cylindrical Section 
Lower Ring 
Upper Ring 
Sensor Longerons 
Inner Tunnel 
C/Weight Access Door 
Expt. Chamber Ring 
C/Weight Track Fittings 
Counterweight System 
Radial Tracks 
Radial Actuators 
Counterbalance Frame 
Count e rweight 
Traverse Actuators 
Experiment Cham be r 
Tunnel 
Cylindrical Section 
Bulkhead 
Rings 
Floor 
Outer Shell Structure 
Cylinder 
Bulkheads 
Launch Restraint Ring 
Bulkhead Ring 
Brace Fittings 
Launch Restraint Fittings 
Insulation 
Inner Shell Structure 
Cylinder 
Ri ngs 
273 
100 
70 
45  
15 
15 
10 
10 
8 
675 
170 
40 
25 
400 
40 
276 
30 
116 
20 
70 
40 
2,066 
790 
800 
140 
70 
8 
8 
2 50 
140 
100 
40 
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eight (Ib. ) Totals 
Experiment Equipment 
Expt Package 
Transition Aid 
Ladder 
Berths 
Bygiene Facility 
Food Preparation 
Storage 
Water & Storage 
Miscellaneous 
Batteries 
Trash Storage 
Thermal Control 
Radiator 
Cables & Wiring 
Drive System 
Motor & Power Condition 
Gene rat0 r 
Brace System 
Struts 
Fittings 
Jkttison System 
Reserve 0#2 
Water Transfer System 
Contingency 
660 
100 
5 
10 
40 
30 
25 
100 
3 50 
100 
10 
50 
100 
20 
280 
47 
32 
15 
20 
15 
5 
50 
50 
200 
600 
48 
Table 7 .  EP relirninary Weight 
RAM Adapter 
Centrifuge System 
Crew (4) 
Food 
ECS (Expendables) 
Elect .  Power System 
Contingency 
Payload Margin 
Total 
16,875 
200 
6,345 
800 
300 
2,000 
1,500 
1,000 
8,330 
37,350 
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Table 8. oment of Inertia 
It em 
Hub Structure 
Balance System 
Experiment Chamber 
Tunnel 
Shell Structure 
Experiment Equipment 
Wate r  System 
Sub-Total 
Balance Wt (min) 
1 man (min) 
Total 
Balance Wt  (Max) 
2 men (ma) 
Total 
W 
Lbs 
640 
175 
246 
30 
2,206 
300 
3 50 
(3,947) 
500 
200 
(4,647) 
500 
400 
(4,847) 
R 
Ft 
___I 
__.I__( 
- 
9 
1 2  
5 
- 
14 
4 
5 
15 
14 
Min I = 450,800 Ft2Lb See 
Max I = 617,500 Ft Lb Sec 
14,000 slugs 
19,200 slugs 2 
*Brackets signify totals. 
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(i), Figure 14, consists of a centrifuge experiment module attached to  
the RSM by a rigid but hinged tubular structure which serves as the passageway be- 
tween the RSM and the centrifuge module. The r o t a t i i  portion of the centrifuge 
consists of two concentric shells. These shells a re  made with a large diameter cylin- 
drical section which forms the experiment area, a conical section, and a small dia- 
meter cylinder which houses the hub, the drive mechanism and the counterbalance 
system. In a similar way to EPO (h) the inner shell is attached to the outer shell only 
at the imbalance sensors. The outer shell carries the pressure load and is attached to 
a supporting tubular passageway through a pivot fitting which is attached to a non- 
rotating tunnel. The centrifuge rotates on a bearing system mounted to the outer shell 
and the non-rotating tunnel. 
EPO (i) has an  increase in experiment volume and radius over that shown in 
This was  accomplished by moving the spin axis close the the RSM, EPQ (h). 
increasing the experiment chamber diameter to the maximum cargo bay envelope and 
by tilting the rotating assembly away from the RSM to provide rotational clearance. 
The result is an experiment floor radius of approximately 20 f t  and a chamber diameter 
of 14 f t .  Also, sufficient volume is available for  the installation of EPO (f) in this con- 
cept. A s  with the other centrifuge concepts, EPO (i) may be operated in an (Orbiter 
roll mode which provides an additional experiment radius of 67 ft .  
Operations - A f t e r  the launch of the shuttle and the attainment of a stable 
orbit the cargo bay doors are opened andthe centrifuge experiment module prepared 
for deployment. The rotation of the experiment module attached to the RSM out of the 
cargo bay articulates the centrifuge to its operating position. During launch the cen- 
trifuge module will be pressurized with its systems dormant and will be unoccupied and 
the inner and outer structures locked together. A f t e r  the module is deployed the crew 
will enter the centrifuge from the RSM through the access tunnel. Centrifuge systems 
will be activated and checkout will proceed. One of the first tasks will be the releas- 
ing of the inner structure, this is achieved by loosening the tension strap that holds 
the wedge shaped lock fittings. These fittings lock the inner structure to the fixed 
tunnel enabling launch loads to be reacted into the tunnel structure. An incidental 
function of this lock strap is the prevention of centrifuge rotation. Af te r  the inner 
structure is unlocked the imbalance sensors are brougnt into play by tightening hand- 
wheels on the sensor assembly. A t  this point all internal loads and out of balance 
forces are reacted through the imbalance sensors. When all the other sub-systems 
have been checked the crew will leave the centrifuge prior to initial spin-up. The 
centrifuge will be spun to a very low rpm and manual monitoring of the imbalance sen- 
sor output will be made. If all sensor output is within tolerance (near zero), the 
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counterbalance system be and the centrifug 
Reaction of the shuttle ter ay indicate an i 
be observed and trimmed out as required using the ext 
centrifuge will then be reoccupied, the counterbalance system reactivated, and spin- 
up to the desired experiment rpm will proceed. 
haracteristics - The centrifuge module is designed for normal occupancy by 
four crew members and provides equipment and facilities to perform the full range of 
the artificial-g/zero-g experiments identified by the AGE. The spin radius of the 
habitibility floor area is fixed at 239 inches when operating the centrifuge. This radius 
can be increased in the Orbiter roll mode to 67 feet. The configuration provides a 
range of g-level from zero to one g over an angular velocity range of 0-11.5 rpm. 
Transfer of men and equipment between the centrifuge module and the RSM is possible 
at all times during rotation. 
Design Description 
Centrifuge Structure - The centrifuge, Figure 15, is made with a double wall 
structure, the outer structure is a shall designed to react pressure loads and to pro- 
vide environmental protection for the test subjects. The inner structure is a semi- 
shell through which all the experimental centrifuge loads are reacted. 
The outer structure consists of a stiffened pressure shell with thermal insula- 
tion and a minimum weight meteoroid bumper. It is made from two cylindrical sections 
of different diameters connected with a conical section. The large cylinder terminates 
on a semi-spherical bulkhead. The small cylinder is capped off with a conical bulkhead. 
The outer shell is attached to the fixed (non-rotating) tunnel through a hub base fitting 
to the main bearing system. This hub base fitting is inserted in and is welded to the 
outer structure in the smaller diamter cylindrical section. A lower floor structure, 
Figure 16, is installed to span the hub base fittings. Its function is to provide structural . 
continuity over the hub and is used to mount the imbalance sensors. It provides the 
stiff structural path required to react the sensor loads. The outer structure fixed 
counterbalance system is mounted to a f m e  in the conical bulkhead. 
The inner structure of the centrifuge is balanced about a floor which bridges and 
partially carries centrifugal forces across the hub. The floor structure consists of 
an upper and lower skin and a series of longitudinal and lateral frames. It straddles 
the fixed tunnel with two rings. An upper lock ring used to lock the inner to the outer 
structure and a lower lock ring which is used to engage the inner to the outer structure 
when the two structures are locked together. Mounted on the floor are side frames, 
side walls and longerons. The side walls and longerons are extended radially to 
attach to an integrally machined bulkhead on the experiment side of the hub. They 
also extend into the counterbalance chamber terminating at a pair of end frames, these 
frames are used to attach the inner shell cylinder. The side walls are spaced 46.0 
inches apart and form a passageway from the hub into the experiment area. They are 
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made from a light weight punched-out waffle structure providing the required shear 
rigidity across the hub. A t  two locations they have cutouts to provide access to the 
imbalance sensor he flow side frames have a semi-circular shape and are an in- 
tegral type structure, To complete the structure across 
overhe ams are installed.. The one on the experiment area side co 
framing at this location. The I-beam on the other side does this plus forming the sup- 
port fo r  the counterbalance gimbal ring. The lower end of this ring is attached through 
a pedestal fitting to the floor. Both the pedestal fitting and the beam house the pivot 
bearings for the gimbal ring. The horizontal actuator of the counterbalance system is 
attached to a small gimbal ring which is mounted to the side frame and wall. 
The inner structure in the experiment area consists of an experiment floor, sub- 
floors for habitibility and experiment equipment, supports for  bunks, and miscellan- 
eous storage compartments. It is made of a partial cylindrical shell with eight longe- 
rons. The bunks are supported on webbed supports attached to the cylinder and to the 
longerons. The cylinder terminates on a l%rge structural ring to which a beamed 
stmcture forms the experiment floor supporting structure and also provides the mounts 
for  the four triangular shaped water tanks. The experiment floor is made from a cor- 
rugated graphite-epoxy layup providing the stiff structural floor required by the 
mobility experiments. Two bulkheads spaced 30 inches apart complete the structure 
in this area. The outer (from the skin axis) bulkhead is used as an end ring for  the 
longerons and as a safety shield for  the EPO (f) centrifuge. The inner bulkhead is the 
major supporting structural element for the EPO (f). It also reacts t h e  kick loads for 
the transition into the conical section. Because of the high load and stiffness require- 
ments, a honeycomb sandwich with aluminum faces was chosen as the structural system 
for  this component. A 38.0 inch diameter access tunnel joins the honeycomb bulkhead 
to the integrally machined bulkhead which is attached to the floor and the side walls. 
Radiating from the access tunnel are four webbed structures which are attached to the 
inner cone. This forms four storage compartments for experimental and other equip- 
ment. The webs stiffen the conical section and transmit loads from the experiment 
chamber inner structure. 
The inner structure in the counterbalance chamber area consists of a stiffened 
cylindrical shell attached to the end frames and floor structure. A triangular shaped 
toroidal water tank is attached to its outer end. The inner shell balance weight is 
attached to a frame structure mounted to the inside of the toroidal tank. 
The access tunnel which forms the passageway to the RSM is attached to the  
centrifuge by a pair of pivot beams as is illustrated in Figure 17. These beams span 
and are  attached to the centrifuge-fixed-tunnel with two other beams located at 90" to 
them. The rear  beam has attachment fittings br the two erection struts and the screw- 
jacks. The exterdable tunnel is attached to the fixed tunnel in the centrifuge and to a 
ring in the access tunnel. 
The access tunnel consists of a stiffened cylinder, 38.0 inches in diameter, with 
one end capped off with an elliptical bulkhead. A short cylindrical section joins the 
access tunnel at 90". This short section terminates on the ring to which the  extendable 
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attached. The tunnel has a dog-legged section which attaches to 
ead on the RAM support module adapter. 
A pair of "A"-frame fittings are attached to the elliptical bulkhead ring. These 
fittings attach to the pivot beams on the bulkhead and form the hinge when the centri- 
fuge is deployed from the orbiter. Additional bending strength in the access tunnel is 
achieved by providing a pair of longerson on the  tunnel wall and attaching fixed-struts 
between these longerons and the RSM adapter, Other fittings are  provided for the 
deployment mechanism. 
Dxdovment - For launch and reentry, the centrifuge is stowed in the cargo bay 
of the orbiter. The centrifuge rests between two supporting pads which transfer trans- 
verse loads to the orbiter. Studs projecting laterally from the centrifuge hub engage 
latches to react vertical loads. 
For deployment, the latches a re  released and the RSM and centrifuge rises from 
the cargo bay, controlled by the erection strut mechanism, the  centrifuge simulta- 
neously pitches down to  clear the RSM. The mechanism consists of a pair of 4 inch 
diameter graphite-epoxy struts articulated near the center. The lower ends of these 
erection struts are pivoted to the floor of the orbiter cargo bay, and the upper ends 
drive a torque tube which traverses the fixed base structure of the centrifuge. This 
torque tube mounts the upper link of the centrifuge pitch linkage, and the jack screw 
crank. The mechanism is arranged to keep the centrifuge approximately aligned with 
the orbiter during the early part of erection, then pitch the centrifuge down with respect 
to RSM to establish rotating clearance. 
The erection is governed by a synchronized pair of screw jacks acting between 
the jack crank on the torque shaft, and electrically driven ball-nuts, trunion mounted 
on the RSM access tunnel. A s  the erection cycle nears completion, both the centrifuge 
pitch linkage and the erection struts approach a straight line position. The jack screws, 
acting through the crank on the torque shaft, drive the erection strut joints over center, 
allowing their lock-actuator to latch them in the straight line position. 
The retraction cycle is the reverse of the erection cycle, with the first event 
being unlocking the erection struts. The first motion of the jack screws breaks the 
erection strut joint, which allows the centrifuge and RSM to retract into the cargo bay 
for reentry . 
Passive Balance System. - The outer shell static balance is corrected after 
erection by moving a 920 lb weight radially outboard. This weight must be retracted 
during launch and reentry to clear the RSM. 
After  the centrifuge pitches to clear the RSM, the outer shell weight is extended 
61 inches. A 24 inch diameter tubular expandable structure supports the weight while 
extended, and is stabilized by internal pressure. 
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The expandable cylinder is folded bellows-like on retraction, but 
cylindrical shape on extension. The structural component of the expandable material 
is three-strand, .0035 inches diaxneter steel wires, woven at an appropriate angle 
(usually 37') to a density up to 12 
Trim actuators move the extended cylinder f 1/2 inch axially to affect any small 
balance correction found necessary on initial spinup, after the internal shell has been 
balanced. 
The inner shell static imbalance is corrected by a 560 lb weight, on a triangular 
boom, extending into the chamber formed by the deployment of the external shell 
balance cylinder. Boom extension is controlled by an electric motor, driving gears 
engaged with racks at the corners of the boom. A 1.5  horsepower motor with brake 
drives three identical gearboxes - one directly, and two via flex shafts. The gear- 
boxes provide a feed-thm input and concentric 1/1640 output, by two concentric com- 
pound 40/1 harmonic drives, as shown on Figure 18. 
The two stages are arranged to minimize space requirements. The stator of 
the first stage is integrally machined in the base of the second stage cup, and the first 
stage cup contains, and drives, the second stage harmonic generator spider. The 
inputhhruput quill also locates the second stage generator and first stage cup. One 
shim set between the output stator and end cover adjusts end play to compensate for  
all accumulated endwise tolerances. The output member is a 24 tooth 6 DP spur gear 
with a .62 face width, sandwiched between 4.00 diameter, .19 thick discs. These 
discs ride on rails located on both sides of the boom rack, at the rack pitch line, to 
insure gear tooth clearance and stabilize the boom. 
The weight has three studs protruding radially which, during retraction, engage 
stirrups on the outer shell weight. The inner weight boom thus retracts the outer 
weight as well as the inner weight. The stirrups are arranged to give 2 inch clearance 
around the studs and inner weight when both inner and outer weights are fully deployed. 
The counterweight drive controls extension by governing the rate at which the 
internal atmosphere drives the expandable cylinder outward. The driving force acting 
upon the 24 inch diameter weight is 
242 .rr x 14.7 psi = 6640 l b  
4 
4.88 rpm, An 8000 rpm motor, driving a 4 inch P.D, retraction gear at - = 
will effect the 61 inch retraction in 
Output power required is 
8000 
1640 
= 1 minute. 61 4 . 0 ~  1~ x4.88 
VOL = 1.02hp 
1 
X 
61 6640 X- m 12 33,000 59 
3 
1 
-r 
0 
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The high inherent effeciency of the hamanic reducer will pe 
horsepower input e 
The output gear  tooth s t ress  is 
= 4540 psi - 8640 - 
3 x 6 x .62 x .I31 
Active Counterbalance Svstem. - The following criteria were arbitrarfly 
assigned for the capability required of the balance system: 
Radial: 
Range: 2-200 lb men at 225 inch Radius Plus 
2-200 lb men at 200 inch Radius 
Rate: 5 ft/sec., one man 
L ate ral : 
Range: 2 men 90' apart at 55 inch x 190 inch, plus 
2 men 90' apart at 55 inch x 225 inch (bunks occupied) 
Rate: 6 ft/sec., one man 
For  radial calculations ,200 lb  men were selected in lieu of the standard 170 lb 
as a simplifying assumption, which will allow up to 120 lbs of equipment shift 
with the crew. 
The radial range is 2 x 200 (200 + 225) = 170,000 in-lb. The 51 inch radial travel 
indicated by Figure 18 indicates a weight of 
170.000 = 3330 lb required to satisfy this requirement. A s  this 
51. 
represents an unacceptable weight penalty, an additional means of attaining 
radial correction must be used. 
The lateral range is 
6 .707 x 55 x 170 x 2 x (200 -f 225) = 5.61 x 10 'Ib-in2 
The required mass to balance this is 
5.61 x lo6 = 1543 lbs - use 1600 
130 x 
This 1600 lbs will supply, f o r  static balance, 1600 (130-69) = 81,600 in-lb cor- 
rection. The deficit, 170,000 - 81,SOQ = 88,400 in-lb, can be supplied by shifting 
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the water supply over the available range of 310 inches. The required amount 
of water is 
= 239 lbs 
- Rate. - To balance a man moving radially towards center at 5 ft/sec. , the 
balance weight must be moved at 5 x. 200. = .625 ft/sec. A t  its maximum extension 
of 130 inches, in a field of 1 g x 130 inched240 inches = .54 g, the steady state force 
is 
1600 
1600 x .54 = 864 lbs 
Instantaneously an occupant may exert a force of 1.5 times his weight. If sus- 
tained €or a time sufficient €or the control system to react, the instantaneous difference 
between steady-state and presently acting force (1.5 x 200 - 200 = 100 lbs) will be 
reflected in the load in the balance weight retract drive. The maximum retraction 
force is therefore 864 + 100 = 964 lbs. With 964 lbs available, the weight can be 
accelerated to its design velocity of .625 €t/sec in 
.625 x 1600 = .31 sec. 
100 x 32.2 
Lateral. - Steady state torque on the balance weight gimbal is, for any condition 
shown by 
ACTUATOR GIMBAL A 
62 I-.- - %,- 
FF 
-7 
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F = 1600 x Radius of G W  = 
230 
A = 23r 
x 23r = 160 r inch-lb. 
Torque = FA = 
A s  Max r = 28 in., Max torque = 160 x 28 = 4480 inch-lb. 
A man in transverse motion, at a radius of 190 inches and a rate of 6 ft/sec.. I 
will require a max CW lateral rate of 
200 x 190 x 72 = 21.6 inch/sec. 
79 x 1600 
to achieve this velocity in . 3 1  sec. (the same response as is available in Radial trans- 
lation) will require 
- Mv = 1600 x 21.6 = 280 lbs applied to the weight, o r  a max torque of 
T 32 x 12  x .31 
280 x 107 = 30,000 in-lb. 
Actuator force required is, then, 
30.000 + 4480 = 1,740 lb 
20 
The retraction/extension system consists of a three segment telescoping boom , 
gimbaled to the internal shell as near the rotational axis as possible. The primary 
structural material of the boom is graphite-epoxy, dictated by the stiffness required 
to raise the natural frequency of the cantilevered boom and weighs to an acceptable 
level. 
Boom sections are triangular in cross section, with steel tracks, at the apexes 
of the triangle, riding on rollers. 
Fittings at the inboard end of the inner and intermediate sections carry rollers 
which bear on the inside of the next section' s tracks. The outboard ends of the outer 
and intermediate sections carry rollers which bear on the outside track of the next 
section. 
A cable system, integrated with the retract systems, keeps the intermediate 
section located midway in travel between the inner and outer sections for any weight 
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position, and drives the weight outboard when the centrifuge is at rest and no centri- 
fugal force is available. 
Considering the inner section of the boom fixed, the natural frequency of the 
outer section is 
The boom sections may be approximated as: 
64 
1 sq. in. Steel, 1 sq. in. 
Graphite-epoxy, 3 places 
G raphite-epoxy 
panel 
I 
10 2 x 2  + - x  . l O x ( 2 . 1 )  x 2  + 
.866 
103 x -  I = 2 2 x 7 . 1 2 +  2 ~ 2 ~ ~ 2 . 9 ~  + - .10 
.866 12 
l o x  . 1  
.866 
1 
~ 2 . 9 ~  = 202 + 67.3 + 19.2  + 9.65 -I- 10.2 = 308 
(65)3 x 1600 
3 . r r R . r r l O  x 300 x 3 2 . 2 .  = 1 piil = 7 cps 
2 7  f = 2'n n 
Dynamically, the cable systems may be represented as : 
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This can be further simplified to: 
40 + 20 f 20 + 20 -+ 40 = 140'' 
and further: 
1 
where, 1 =-Ti 
20 140 
= 17 ~ 5 inches equivalent length. 
The natural frequency of this system, using 7/32 cable with an AE value of 
330,000, is 
f -  . 
n 2 T  
AE - 1 = 10.7 cps e IM 2 T  - - -  1 
The drive is by a cable drum, powered by a fixed displacement, reversible, 
servo-valve-controlled geared hydraulic motor. 
A s  a developmental backup, a double extension hydraulic cylinder may be employed 
at a sacrifice in weight. Transverse motion of the weight is accomplished by double 
acting hydraulic cylinders, acting on the end of the outer boom section. The"vertica1" 
cylinder is attached by trunions to the boom gimbal. The "horizontal" cylinder is 
mounted in its own gimbal 20 inches off center of the boom gimbal. 
Water Transfer System. - Two separate water systems are pmvided-fresh water 
and waste water. Each system is equipped to move part o r  all of its contents from one 
end of the centrifuge to the other, to statically balance the rotating element for different 
numbers of occupants. 
Two fresh and two waste water tanks are arranged symetrically about the center- 
line of the centrifuge at both Station + 239 and Station -140. Each system has a capacity 
of 240 lb  of water (29 gallons) at either end. 
Water  Supply. - The water supply system consists of 4 tanks located in schemat- 
ically identical storage areas, one at each end of the centrifuge. Motive power for the 
system is 65 psig gas, supplied from a storage bottle via a regulator, block valve and 
relief valve. Three way selector valves are  provided for each pair  of tanks to connect 
the ullage space to either the high pressure (65 psi) manifold o r  a low pressure mani- 
fold. 
The low pressure manifold is equipped with a back pressure regulator set at 
45 PSIG and manual vent. 
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Each pair of tanks is so manifolded that a selector valve connects the outlet line 
to either of two ports on the tanks - the "groundfq outlet o r  "service"' outlet. 
outlets are oriented so as to be at the local "down" in the mode indicated. The out- 
let lines are connected to the water supply manifold via valves. 
Water can be moved from either pair of tanks to the other, via the service mani- 
fold, by suitable valve operation. 
Waste Water .  - Waste water is collected in a waste water receiver, from which 
it is directed to either pair of waste tanks. A level control in the waste receiver 
opens o r  closes the outlet valve, depending upon liquid level in the vessel. The lines 
connect to the tanks at the outboard end. Pressure in the tanks is maintained at 5 psia 
by a back pressure regulator which vents overboard. Selector valves permit the con- 
nection of tank ullage either to the low pressure manifold o r  to cabin pressure. Cabin 
air is then used to transfer waste water from end to end as  required. 
If the sequence of experiments dictates a repetitive transfer of water, to such 
an extent that gas consumption becomes prohibitative, a pump may be substituted in 
both systems. 
Hvdraulics. - The hydraulic positioners for the active balance systems are 
supplied by a system composed of a main pump, auxiliary pump, accumulator and 
reservoir as  is illustrated by Figure 19. 
The main pump is variable displacement, fully regulated, and integral with the 
power package. 
The auxiliary pump is electric driven fixed displacement, and parallels the main 
pump. It is used for  startup and peaking only. 
Both accumulator and reservoir are gas loaded bladder expulsion tanks. 
Performance - The combined effect of water transfer and balance weight motion 
provides a c.g. envelope for the payload as shown in Figure 20. 
The maximum lateral excursion for less  than full occupancy can be expanded 
by adjusting water balance to locate the balance weight at its maximum longitudinal 
travel while the occupants are at their maximum anticipated radius. 
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h e m a l  control in the centrifuge is achieved in part through 
insulation and coatings on the outer structure and the supporting tunnel structure 
and conditioning module atmosphere from the which is circulated through and 
around heat sources, An air/fluid heat exchange, transmission and dissipation system 
employing external radiators on the centrifuge structure is incorporated in the design. 
To check on the feasibility of using radiators for heat rejection, the following 
simple analysis was performed, 
Assume that a steady heat rejection rate of 2 KW o r  6,800 BTUs is desirable, 
This is the power to drive the centrifuge against the seal loads and the bearing friction. 
It was also assumed that transient heat loads during acckleration and deceleration 
periods and module air conditioning wauld be handled by RSM thermal systems. 
The following radiant energy equation applies: 
Where: 
Q = HeatloadBTlJs/hr 
A = Radiator area in f t  
0 = Stefan-Boltzman constant, X 10 = .171 
2 
8 
€ = Emittence = .85 
r 
Then : 
- 6 800 - 
- 1 7 1 x . 8 5 ~ 5 ~  
Radiator Area = 75 ft2 
This is a perfectly feasible area on the smaller cylindrical section over the hub area. 
VOL m 69 
ison with EPOs (g) 
ore generous, pe 
dation of two occupants easily and up to four men with an acc 
and efficiency. entative internal arrangement for four-men occupmcy is 
shown in Figur reviously described EPOs the experimentation 
station and the normal living quarters occupy the same area. In this case, however, 
most of the habitation equipment need not be stowed o r  reconfigured to provide room 
for experiment performance. A clean floor-area of approximately 45 ft2 is nominally 
available at all times for experiment activity, 
itting the accommo- 
le degree of comfort 
Normal Living Accommodation - In the arrangement of Figure 21, equipment 
has been included to support four people in the usual day-to-day activities required 
for  comfort and well-being. Because of the small havitable area, these activities are 
assumed to be performed in-group or  close sequence rather than in shifts. 
Eating and food preparation a re  accommodated by the use of a small, combined, 
food processor and table which is patterned after the sky lab facility. Two of the  
seating positions of this unit have fixed deployment and two additional seats are folded- 
up when not in use. The central support, containing the food processor, is per- 
manently attached to the chamber floor. Food is prepackaged and stored in a wall- 
unit adjacent to the  eating/food-preparation area. Waste disposal from the dining 
activities is aided by compaction and temporary storage in sealed containers. This 
material can be removed periodically and stored as  is convenient in the non-rotating 
portions of the assembly. Replenishment of food stores and expendables from supplies 
located in the RMS may easily be accomplished while the machine is rotating, 
In the design illustrated, one-quarter of the wall area is devoted to the hygiene 
facility. This area is partitioned off from the rest of the compartment and contains 
a sink, faucet, and urine collector, simple shower, waste management equipment and 
storage lockers. The design and space allocation is patterned after the Skylab equip- 
ment as the facility must be usable in both zero-g and artificial modes. A laundry 
facility may also be considered for this area, either as part of the habitability exper- 
iments o r  as an operations support item. 
Provisions for sleep and relaxation include four individually cornpartmentized 
bunks (two upper and two lower). These berth compartments, which afford reasonable 
privacy, contain storage areas for personal effects and may be individually equipped 
for audio/video entertainment. The bunks are oriented at 90 degrees to one another 
(circumferentially and axially with respect to the spin axis) for assessment of this 
factor with respect to  sleep comfort. 
The unobstructed central area of the  compartment - which is normally the scene 
of experiment activity during the work periad - is readily applicable to off-duty 
activities, exercise and entertainment. Some experiment equipment, such as the non- 
work periods and is shown permanently deployed for this purpose. 
70 
Experiment Equipment - When not in use, most of the experiment equipment is 
ion area (toward the spin axis and accessible 
from the entry passag 
storage and, if the EPO (f) unit is not installed for a particular flight, its area may 
also be converted to storage. Moving the experiment to the work area will require a 
permanently installed cargo handling device or  system, and it may be practical to 
consider integrating such a device with the radial translator necessary for the per- 
formance of experiment 11. Also, later analysis may show that set-up time is ex- 
cessive for some pieces of equipment so that permanent deployment in the living/ 
experiment area must be considered. 
cation, considerable volume is avai 
Equipment layouts show that the available storage area can accommodate the 
major experiment equipment items required. Candidate devices of this type are 
as follows: 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
Lower Body Negative Pressure Device. 
Litter Chair (EPO (f) may be adapted to th i s  purpose). 
Variable contour floor. 
Experimental partitions and wall panels. 
Radial translator (may be integrated with cargo handling equipment). 
Workbench and problem boards. 
Sample cargo containers and masses. 
Hatch and door mockups. 
Hygiene devices for special evaluation. 
Packaged systems for physical experiments. 
Ergometer. 
Tracking targets. 
Weights 
Table 9 is a detailed weight statement of each of the components in this EPO. 
These weights were determined either analytically, or  by empirical methods developed 
in previous studies. Table 10 is a preliminary weight estimate of the complete EPO 
showing a positive margin on the Orbiterr's payload capability. 
Both the inner and outer shell of this configuration must be balanced before the 
centrifuge is operated. The requirements for the outer shell balance weight is shown 
in Table 11. The weights of the items shown include all detailed parts that make up 
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the radius given is at the center of gravity of that assembly. 
1, the differences in the moments of the fixed items were 
calculated first and are shown in Table 2. Then, the additional moment that will be 
produced by the counterweight on the right side was introduced, which indicated that 
additional items must be added to left side to balance the system. These additional or 
movable items a re  of course, the test subjects and the water which is used as ballast. 
Table 13 shows the final balance conditions, both with the centrifuge empty (no test 
subjects aboard) and with all four test subjects lying on the experiment floor. The 
table shows that the water has to be shifted from the left (experiment chamber) side 
to right side, It also shows that the balance weight travel is within the range shown 
in the design. 
The mass moments of inertia were also calculated, considering first the fixed 
items as shown by Table 14. Then, the minimum and maximum cases were considered 
and added to  the fixed items. These a re  shown in Table 15. 
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etailed Weights 
~ e ~ g h t  (lbs)
Outer Structure 
Structure 
Mete0 roid Protection 
Insulation 
Conical Section 
structure 
Meteoroid Protection 
Insulation 
Small Cylinder 
St ructu re 
Meteoroid Protection 
Insulation 
Structure 
Meteoroid Protection 
Snsulation 
Large Bulkhead 
Shell & Ring 
Meteoroid Protection 
Insulation 
Large Cylinder 
Conical Bulkhead 
Hub Base Insert Fitting 
Lower Floor Structure 
Floor 
Bulkheads (2) 
Fixed Tunnel 
Fixed Structure Assy 
Pivot Beam (2) 
Front Beam 
Rear Beam 
Side Beam (2) 
Front Brace (2) 
Balance Weight 
540 
110 
195 
242 
50 
88 
220 
44 
80 
96 
20 
34 
260 
35 
55 
845 
380 
344 
150 
3 50 
84 
30 
22 
8 
55 
181 
80 
32 
44 
15 
10 
920 
Tot 
15,019 
*(3,239) 
*Brackets indicate subtotal. 
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Table 9. eights (Contd) 
Weight (lbs) T O M  
Inner Structure 
Experiment Floor 
Floor Supports 
Large Cylinder 
Conical Section 
Flat Bulkhead 
Small Cylinder 
Upper Lock Ring 
Lower Lock Ring 
Floor Structure Assy 
Floor 
F mmes (2) 
Floor Beams (4) 
Sensor Supports (3) 
Longerons (4) 
Sidewalls (2) 
Side Frames (4) 
Overhead Beam 
Gimbal Support Pedestal 
Counterbalance Gimbal Ring 
Gimbal Support Beam 
Storage Compartments 
Balance Weight 
Water Storage Tanks 
Main Drive System 
Bearing 
Seal 
Gear ’ 
Pinion Drive ASSY 
Motor and Gearbox 
Lockout Strap 
Balance System 
Balance Mechanism 
Balance Weight 
Lockout System 
Sensors 
(1,532) 
40 
25 
125 
80 
50 
12 5 
50 
70 
66 
32 
12 
12 
. 10 
24 
18 
16 
12 
25 
50 
16 
150 
500 
100 
40 
10 
15 
5 
14 
8 
11,696) 
80 
1,600 
10 
6 
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Table 9. EPO (i) 
Weight (lbs) 
Experiment & Habitibility Equipment 
Bunks 
Food Preparation 
Food & Waste Storage 
Waste Management 
Ergometer 
EPO (f) Centrifuge 
Transition A id 
RSM Adapter 
Rings & Frames 
Skin 
Bulkhead 
Tunnel 
Ess  Section 
Cylindrical Section 
Transition Section 
Fixed Struts 
Pivot Fittings 
Bellows 
Deployment Mechanism 
Crew & Personal Effects 
Miscellaneous 
Batteries 
Thermal Control 
ECS 
Radiator 
Cable & Wiring 
Water & System 
Communication Equipment 
Jettison System 
Reserve 021N-2 
ECS Expendables 
Food 
Electrical Power System 
76 
80 
12 5 
125 
170 
20 
500 
15 
(245) 
64 
85 
96 
80 
320 
100 
50 
75 
50 
250 
1I?QQ 
25 
50 
100 
50 
400 
50 
50 
50 
2,400 
300 
1,800 
(i) Preliminary Weight Estimate 
RAM Support Module 
RSM Adapter 
Centrifuge System 
Tunnel 
Crew and Personal Effects 
Experiment and Habiti bility Equipment 
Miscellaneous Subsystems 
ECS Expendables 
Food 
Electrical Power System 
Contingency 
Payload Margin 
Total 
19,375 
245 
6,559 
925 
880 
1,035 
875 
2,400 
300 
1,800 
1,000 
1,956 
37,350 lbs 
Table 11. EPO (i), Outer Shell Balance Weight Requirement 
Bulkhead 150 
AWR = 210,700 in-lb. 
Balance Weight@ 230 in = 920 lbs 
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Table 12, Balance Weight Requirement of the Inner Shell 
Food Prep 125 
E rgometer 20 
Shell Cy1 120 210 105,000 
Storage (4) 80 
Waste Mgm. 170 
Expr.Stor. 150 
(138,100) Fixed Items (192,750) 
Min Cwt 1,600 75 120,000 
Max Cwt 1,600 126 200,000 
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Table 13, EPO (i) Balance Conditions 
L.H. I R.H. 
1) No Men Onboard 
Fixed Items 192,750 
Water, 300 lb @ 220 in. 66,000 
(258,000) 
Fixed Items 
Min Cwt 
138,100 
120,000 
(258,100) 
2) 4 Men On Floor 
Fixed Items 192,750 Fixed Items 138,100 
4 Men @ Floor, 180,000 Water, 300 lb @ 130 in. 39,000 
Cwt@ 122 in. 195,650 800 lb @ 225 in. 
(372,750) in-lb (372,750) h - l k  
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Item 
Experiment Chamber 
Struct Cylinder 
Strut Cone 
Bulkhead & Floor 
Storage 
EPO (F) 
Habitibility Equip. 
Hub Area 
Struct Shell 
Gimbals & Supports 
Tunnel Rings 
Floors & Sensor Struct 
Counterbalance A rea 
Struct Shell 
Inner C ounte weight 
Outer Counterweight 
Counterbalance System 
w R R2 
Lbs Ft  Ft2 
945 
510 
415 
150 
575 
535 
382 
90 
120 
96 
330 
500 
9 20 
90 
14 196 
8 64 
20 400 
8 64 
12 144 
16 256 
- - 
2 4 - - 
- - 
8 64 
18 324 
20 400 
4 16 
Lbs Ft2 
185,000 
32,600 
166,000 
9,600 
82,800 
137,000 
- 
360 
21,000 
162,000 
368,000 
1,530 
27,800 
7,900 
11,600 
- 
- 
4,100 
2,180 
- 
2,580 - 
- 
- - 
I 
212,800 
40,500 
177,600 
9,600 
82,800 
137,000 
4,100 
360 
2,180 
23,580 
162,000 
368,000 
1,530 
I Total for Fixed Items 1,222,050 
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ments of Inertia 
Maximum Case 
(4 men Aboard) 
- 
4 Men 
Water 
Fixed Items 
Counterbalance Weight 
* 
Item R 
Minimum Case 
(No men Aboard) 
Counterbalance Weight 
Fixed Items 
I Total 1,363,150 I 
800 18 322 
240 11.6 13 5 
1,600 10 ..8 117 
Total 
258,000 
32,400 
187,000 
1,222,050 
1,699,450 
Minimum Moment of Inertia = 1,363,150 lbs ft2 = 422,000 slugs 
Maximum Moment of Inertia = 1,699,450 lbs ft2 = 518,000 slugs 
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(k), Figure 22, consists of an artificial-g experiment module, 14.0 f t  in 
diameter and 18.0 f t  long, attached to the RSM by an extensible tubular structure which 
serves as a passageway between the RSM and the artificial-g module. Artificial-g 
experiments are performed by rolling the shuttle Orbiter about its longitudinal axis at 
various rates. 
Operations - A f t e r  launch of the shuttle and attainment of a stable orbit, the car- 
go bay doors a re  opened and the RSM (with the artificial-g module attached) is erected 
and locked in position so that the extensible tubular tunnel is normal to the principal 
roll axis of the Orbiter.  During launch the tunnel and the artificial-g module (AGM) 
will be pressurized, with all systems dormant and the module unoccupied. A f t e r  de- 
ployment the crew will enter the tunnel and AGM at which time systems will be activated 
and checkout will. proceed. Following checkout the crew will leave the AGM and tunnel 
and the Orbiter placed into a slow roll and extension of the tunnel will be instigated. 
After successive sections of the tunnel a r e  extended, the roll rate will be adjusted 
(speeded up) to maintain a nominal roll rate. Successive sections of the tunnel are 
extended without loss of internal pressure. When the desired radius is reached the 
experiment participants transfer to the AGM. The configuration is then spun-up to the 
desired rpm/g-level combination. 
Characteristics - The artificial-g module is designed for normal occupancy by 
four crew members and provides equipment and facilities to perform the full range of 
artificial-g/zero-g experiments identified by the AGC ~ The spin radius is variable in 
fixed increments (tunnel section lengths) from approximately 60 f t  to 125 f t .  The con- 
figuration provides a range of g-level from zero to one-g over an angular velocity 
range of 0 to 6 rpm. Transfer of men and equipment between the artificial-g module 
and the RSM is possible at all times during rotation. During all radius changes, it is 
assumed that the experiment subjects evacuate the module and enter the RSM. The 
tunnel is not depressurized during the radius change. 
Design Description 
The RAM Support Module - A standard RSM is used which is complete with the 
active docking system. The artificial-g module and tunnel is attached to the docking 
interface through an adapter. The adapter has a passive docking ring mounted in its 
short cylindrical section. 
No emergency jettisoning other than the docking mechanism is planned for  this 
. Separation of the AGM and tunnel will only be effected if retraction and restow- 
age into the Orbiter cargo bay is not possible. 
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The Artificial-g Module - The module consists of a cylindrical structure with 
semi-spherical end bulkheads and is divided into two areas. e is the living area for  
the performanee of habitability experiments. The other area is used for  artificial and 
zero-g experiments. The living area contains living equipment, food and a waste 
management system capable of sustaining a four man crew for thirty days. A bunk is 
also provided with personal storage for  each of the crew, and a wardroom area with 
seating accommodation, food preparation and equipment storage cabinets. A waste 
management compartment is also provided. This contains waste collecting and proces- 
sing equipment, crew washing and drying facilities and storage lockers. This com- 
partment is designed with a maximum of privacy for the crew members. The experi- 
ment area contains equipment and consoles for the various artificial-g experiments. 
These include: the couch frame and positioning mechanism which was used in EPO (b)., 
(Reference Volume E) which may be located in two places for both vestibular and tilt 
table experiments, an ergometer, a lower body negative pressure device, and the body 
mass measurement apparatus. Consoles and workbenches are provided for sample col- 
lection and analysis. Storage for equipment and and miscellaneous items is also pro- 
vided in three locations. An open area of floor is assigned for the walking experiments 
and for exercise. A thirty inch diameter hole in the floor provides access to the living 
compartments. 
The module structure is designed to withstand all loads and combinations of loads 
resulting from ground handling, launch, orbital operations and reentry. The module 
will be attached to the fwd end of the Orbiter payload bay during launch and entry. 
This attachment is capable of carrying lateral loads in two planes only, longitudinal 
loads are reacted into the RSM. The module structure is designed to accommodate 
equipment in various locations and configurations for performing zero-g, artificial-g 
and habitability experiments. 
The module structure is basically a stiffened shell designed to react loads that 
are primarily from the internal pressure and to provide environmental protection for 
the test subjects. It consists of a pressure shell with thermal insulation and such 
micro-meteoroid protection as is required by the length of the mission. Semi- spheri- 
cal bulkheads with structural end rings complete the shell. A major ring attaches the 
forward module mulkhead to a rotating joint in the telescoping tunnel. The aft bulkhead 
structural ring is used to attach the living and habitability area floor. The floor that 
divides the experiment area from the living and habitability compartment is suspended 
from the cylindrical walls. 
Additional structural supports are included for  the ECS-expendable tanks, the 
fixed internal equipment, and the module to Orbiter attachment. 
The Telescoping Tunnel - The extensible tunnel (Figures 23 and 24) consists of 
five concentric, telescoping tubular sections, which provide a 42 inch diameter clear 
"shirt-sleeve" path between the RAM Support Module (ISM) and the Artificial Gravity 
Module (AGM). 
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The tunnel st 
without depressurization of the tunnel. 
turally joins the two modu 
9 q 9  384"', 562q'9 '737"a, and 
e adjusted to any of 
changes are accom 
The inner section, which alone structurally joins the M and AGM during launch 
and recovery, has a skin-stringer-f rame construction using external hat stringers 
and internal zee shaped frames. The outer section also has external stringers and 
frames. The three intermediate tubular sections are stabilized by only the internal 
pressure, while they are in use as structural elements. Eight pi-shaped tracks are 
mounted externally to each of these sections, these tracks act as stringers or longer- 
ons during deployment but when the tunnel is deployed and locked they carry no loads. 
A l l  primary structure is aluminum alloy. The skins are  .063 and .070 thick, assem- 
bled with rivets flush inside. Machined rings at the AGM end contain inflatable seals 
facing outboard and sealing against the skin of the next section. These seals are lo- 
cated between fastener rows and are backed by the next outer section' s ring. A 
conical abutment ring centralizes each section at either extremity of its travel. Eight 
quick-acting fasteners secure the AGM end ring of the inner section to the AGM end 
ring of the next outer section, which in turn is secured to the next outer section. This 
fastening method is used for all five sections. The end rings also contain a non- 
metallic rub strip which bears against the inside of the next skin, guiding the AGM end 
of the tubular section in transit either while extending or retracting. The RSM end 
rings are simple angles, the outstanding leg of which attaches a ring containing a coni- 
cal seat which locates the ring of the next inner section; the RSM end of a bellows 
which seals the inner annulus; the AGM end of a bellows which seals the outer annulus, 
and guides engaging the pi-shaped tracks on the next inner section. The bellows have 
approximately forty-eight 6.0 inch staggered convolutions, supported by a graphite 
epoxy composite hoop at the inner apex. Extension and retraction is controlled by 
three identical steel tension-strap systems located external to the outer section. Each 
strap has one end secured in a tension sensing device, and passes over three idler 
drums to a powered drum. Two idlers a re  mounted in tandem on the outer shell. An 
idler, the tension sensor, and the powered drum are secured to the conical bulkhead 
of the tunnel-RSM adapter. This arrangement provides four-part rigging of the strap. 
This mechanism is repeated at 120" intervals around the tunnel. The three powered 
drums are electrically driven and synchronized. Internal pressure provides the ex- 
tending force and the slow roll of the Orbiter provides a stabilizing load. Strap ten- 
sion is maintained during the extension cycle by stopping the drums when the strap 
tension falls to a predetermined level. The same system prevents overtension during 
retraction. 
The extension of the tunnel is effected without depressurizing the tunnel by bleed- 
ing air into the annulus surrounding the inner section. The seal in the inner section 
ring is then deflated and the inner section released from the second section. The re- 
traction system pays out the tension strap at a controlled rate allowing the internal 
pressure and the centrifugal load to drive the AGM away from the RSM, extending the 
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ng of the second 
inflated, completing the first increment of 
ements of extension a re  similar to the 
first except that after the seal is inilated, the external annulus is vented to p 
internal pressure stabilization to the newly extended section. 
Retraction procedure is the reverse order of the extension procedure., 
Structural Interface with the RSM - Initial analysis of the 120 0 inch diameter 
interface of the RSM shows that the loads induced by the addition of an artificial-g 
module and telescoping tunnel appear to be within acceptable limits. The module is 
assumed to be supported for lateral loads at the aft end. The RSM interface and I 
subsequently ,the RSM deployment mechanism react the longitudinal loads. Figure 25 
shows the structural arrangement in the Orbiter payload bay. 
283 L- 740 
I 
A 18000 t 
i 
A I  3800' 3200' 
Figure 25. Structural Supports 
Table 16 shows,in summary form,the loads across the interface of the telescop- 
ing tunnel and the RSM. A l l  ultimate loads are obtained by multiplying the limit load 
by 1.5 except in the pressure case where a margin of safety of 2.0 was used. It can 
be seen that these loads a re  relatively low and ,because they a re  mass dependent ,they 
a re  typical for the other EPOs. 
The maximum tension loads are due to internal pressure and the maximum longi- 
tudinal acceleration during the maximum-g phase of launch. Tension occurs here 
because the payload is hung aft of the deploymeht mechanism and RSM. 
Maximum compression occurs during entry o r  landing. Dscking loade a re  con- 
side red trivial . 
Maximum bending occurs during the entry phase of flight and is due 6 the 
lateral direction of loading and the support system provided for the Orbiter payloads. 
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able 16, Ultimate Loads at Interface 
Flight 
Phase 
P 
A 11 
Launch 
Orbit 
Entry 
Landing 
Loading Condition 
Internal Pressure I 332,000 
Max. Long. Acceleration 
Max. Lat. Acceleration 
Max. Centrifugal 
Docking Lateral 
Longitudinal 
Max. Lateral 
Longitudinal 
Max. Longitudinal 
31,500 
10,500 
rultant Load 
1820 2.38 x lo6 
’ 750* 
1500* 
9900 12.6  x lo6 I I  
10,500 
90 
* Estimate from early RAM studies. 
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hear loads are small and are due to lateral loads during launch and at ent 
iffness of the 
To determine the spring rate and mhral frequency of the tunnel between the RSM and 
the experiment module : 
Assume experiment module weight is 7,000 pounds; this weight includes expendables. 
Tunnel is basically a cylinder 48.0 in diameter with .070 walls. 
Primary mode of resonance will be bending, 
Deflection 6 under a 1,000 pounds load at maximum extension will be: 
3 
W L  
3EI 6 =  
3 
1000 x 1000 
7 3 x  10 x 3080 
- 
3 I = n R t  
3 
= nx24 x .070 
= 3,080 in 4 
lbs 
= 92.8- 1000 
10.8 in. 
-Spring rate ,  k = 
Deflection under a 1,000 pounds load at minimum extension will be: 
3 
.Of365 inch - 1000 x 200 6 =  7 
3 x 10' x 3080 
1000 
,0865 Spring rate, k = 
lbs. 
= 11,500 - 
in. 
Natural frequency at maximum extension : 
7000 m, =mass = -
32.2 
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.36 eps - f 
n 
At  minimum extension: 
1 11,500 x 32.2 x 12 
- ( 7000 - f  n 2n 
= 4.0 cps 
Maximum operating frequency at the maximum extension will be: 
.482 rad/sec - 
f 
.36 - n . ? .  - -  
f .076 = 4.73 
Separation = 
0 
Maximum operating frequency at the minimum extension is: 
I 
= 3.12 4.0 n - -  
f .128 
 - Separation = 
0 
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- The eight attitude control .motorsmounted 
age are used to rotate 
ongitudinal axis of the 
center of mass of the configuration. The location of this center of mass is a function 
of the distance between the Orbiter and the expeement module. The eight motors each 
have 1600 lbs thrust and are located 100 ~ 0 inches from the centerline of the Orbiter. 
The weight of propellant required to rotate this EPO was calculated for -25,  ~ 50, 
and 1.0  g with the experiment floor radius set at 50, 75, 100 and 125 feet. The results 
of these calculations are shown in Table 17. 
Calculations for  the weight of propellant were performed as follows: 
First the location of the center of spin for each of the four configurations was 
determined by taking moments of the masses. This gives locations of the Orbiter 
from the center of spin corresponding to each experiment floor radius. 
Next,the total mass moment of inertia was calculated for each configuration using 
the weights and the Orbiter &, the mass moment of inertia about its C.G. 
The acceleration caused by firing two 1600 lbs motors on one side and two on 
the opposite of the Orbiter can be calculated from: 
Torque = Ia  where : 
Torque = Thrust x Distance, lbs-ft 
I = Mass Moment of Inertia, Slugs 
a! = Acceleration, Rads/Sec 2 
Because the thrust of the motors is constant,the acceleration is a variable and de- 
creases as the radius increases. 
The velocity at which the .25, .50, and 1. Og acceleration occurs for  the four 
floor radii was found using Figure A-4 of the Appendix to Volume IE of this report. 
Knowing now both the acceleration and the velocity to result in a given g-level the 
length of time that the engines will burn was calculated. 
With knowledge of the thrust level, the engine burn times and the specific im- 
pulse of the motors ,the propellant weights can be calculated from: 
= Thrus txTime 
1 SP 
wP 
The Isp (specific impulse) of the Hydrogen/Oxygen motors of the Orbiter is 347 
seconds. 
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the results of these calculations in a graphical for. 
e 17 are only to accelerate the configuration from th 
propellant requirements are  dete 
shown. 
ined for spinning and down by doubling the values 
It obviously requires much less propellant i f  the spin motors are placed at a 
greater distance from the spin axis. Table 18 shows the propellant weights if the 
morots are placed on the module at the level of the experiment floor. The weights 
were calculated with the identical procedure as for the Orbiter mounted motors. 
Weights 
Table 19 shows the artificial-g experiment module weights. These weights were 
derived from RAM data and represent fairly conservative estimates. Data from Sky- 
lab, MQRL and previous Convair centrifuge studies were used to compile the weights 
of the living and experiment area equipment listed in Table 20. The detailed tunnel 
weights shown in Table 21 were derived from calculations of the structural weight and 
estimates of the retraction and deployment systems weights made from the layouts. 
Table 22 is a preliminary estimate of each of the items that comprise this EPO. 
A payload margin is indicated even though a large weight allowance is made for  rota- 
tional propellants. 
J 
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Figure 26. EPO (k) Propellant Weights & Times 
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ights Using Orbite 
Distance of Orbiter to Center of Spin (ft) 
Mass  Moment of Inertia (Slugs x lo6) 
Acceleration ( rad/sec2 x lom3) 
Angular Velocity (rad/sec) .25-g 
.50-g 
1.0% 
Time (secs) to Reach .25-g 
50-g 
1.0-g 
Weight (lbs) of Propellant .25-g 
.50-g 
1.0-g 
xperiment 
50 
3.6 
3.275 
16.2 
.419 
.582 
.SO2 
27.0 
36.0 
49.5 
500 
665 
915 
oor 
75 
4.3 
5.085 
11.0 
.329 
.462 
.643 
30 
42 
58.5 
555 
780 
1080 
100 
5.4 
6.405 
8.36 
.288 
.404 
.557 
34.6 
48 
66.6 
640 
890 
1240 
125 
6.0 
8.085 
6.65 
,262 
.367 
.482 
39.4 
55 
72.4 
730 
1020 
1340 
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Table 18. 
Distance of Orbiter to center of spin (ft) 
Mass Moment of Inertia (Slugs x lo6) 
Acceleration (rad/sec2 x lom3) 
Angular Velocity (rad/sec) .25-g 
* 50-g 
1.0-g 
Time (secs) to Reach .25-g 
.50-g 
1.0-g 
Weight (lbs) of Propellant .25-g 
.50-g 
1.0-g 
xperiment Floor 
50 
3.6 
3.275 
24.4 
,419 
.582 
.802 
17.2 
23.8 
32.9 
79.5 
110 
153 
72 
4.3 
5.085 
23.4 
.329 
.462 
.643 
14.1 
19.8 
27.4 
65. 
91.8 
126 
Radius 
100 
5.4 
6.405 
25.0 
.288 
,404 
.557 
11.5 
16.1 
22.3 
53 
73.2 
103 
125 
6.0 
8.085 
24.8 
.262 
.367 
.482 
10.5 
14.8 
19.4 
48.9 
68.2 
89.5 
37 
able 19, 
Weight (lb) Tot 
Cylindrical Sidewalls 
Bulkheads 
Floor 
Hatch 
ECS Tank Supports 
ECS Tanks 
Propellant Tanks 
Rotary Joint 
Equipment Substructure 
Miscellaneous 
Contingency 
1930 
700 
75 
45 
30 
70 
' 160 
110 
120 
60 
100 
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Table 20. k) 
Experiment A rea 
M171 Ergometer 
M092 LBNP 
M172 Body Mass Measurement 
Vestibule Couch and Frame 
Storage (2) 
Storage (1) 
Consoles (4) 
Miscellaneous 
Living Area Equipment 
Food Preparation 
Refrigerator/F reezer 
Food and Waste Storage 
Bunks (4) @ 3Q# 
Personal Storage (4) 
Waste Processor 
Fecal/Urine Collector 
Sink 
Locker (3) 
Partitions 
'Weight (lb) 
(705) 
20 
15 
20 
100 
100 
50 
200 
200 
125 
75 
40 
120 
40 
75 
35 
15 
60 
100 
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able 
Inner Section 
F ra.rnes 
Stringers 
Skin 
Af t  Ring 
Section 2 
Aft Ring 
Skin 
Tracks 
Fwd Ring 
Section 3 
Aft Ring 
skin 
Tracks 
Fwd Ring 
Section 4 
Aft Ring 
Skin 
Tracks 
Fwd Ring 
Section 5 
skin 
Stringers 
Frames 
Fwd Ring 
Structure 
31.8 
103.7 
182.7 
14.8 
22.5 
204.5 
34.2 
12.9 
23.3 
206.0 
33.2 
13.3 
24.3 
207.0 
32.0 
13.8 
182.0 
93.0 
28.8 
14.3 
Total 
3,200 
(333.0) 
(274.1) 
(275.8) 
(277.1) 
(318.1) 
(1478.1) 
100 VQL IEI 
etailed Weight of Tunnel ~ ~ ~ n t d )  
Miscellaneous 
Bellows 
Rings 
Guides, Rub Strip, Seals 
Retraction System 
Drum 
Shaft & Brgs 
6 
2 
8 x 4  = 
Strap 
Gearbox and Motor 
Drum Supports 
Fu mi shing s 
Ladder and Elevator 
Ducting 
MM Protection 
Insulation 
Docking Ring 
Fasteners, paint, sealant, harnesses 
Weight (Ib) Total 
(264) 
23 5 
15 
14 
(531) 
32 
70 
50 
25 
177 x 3 = 531 
100 
100 ' 
50 
125 
3 20 
(695) 
10 1 
e 22, im 
Experiment Area Equipment 
Living Area Equipment 
Crew Men (4) 
Personal Effects and Hygiene 
Food, O2 and Water (30 days, 20% margin) 
ECS (Fand and Ducts only) 
Attitude Control (CMG, Rate gyro and Sensors) 
Thermal Control (System Only) 
Communication (Hard line) 
Data Handling (Hard line) 
Control, Checkout and Monitoring (Hard line) 
Power (Batteries and Hard line) 
Status and Control Consoles 
Rotational Propellant (including Cont) 
Contingency 
Payload Margin 
Sub Total 
3655 
1000 
1450 
Total 
18125 
0 
0 
705 
685 
600 
125 
2120 
50 
2000 
50 
20 
20 
20 
100 
50 
(30,440) 
(37,350) (lb) 
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EPQ (k' ), Figure 27, is identical with EPO (k) except that a rigid,fixed-length, 
tunnel connects the experiment module to the RSM. It consists of an artificial-g 
experiment module 14.0 f t  diameter and 18.0 f t  long 
tunnel which serves as a passageway between the RSM and the artificial-g module. 
Artificial-g experiments are performed by rolling the shuttle Orbiter about its longi- 
tudinal axis at various rates. 
hed to the by a fixed 
Operations. - After launch of the shuttle and the attainment of a stable orbit, the 
cargo bay doors are opened and the RSM with the artificial-g module attached is erected 
and locked in a position normal to the roll axis of the Orbiter. During launch, the tun- 
nel and the artificial-g module are pressurized with all systems dormant and are un- 
occupied. After deployment the crew will enter the tunnel and AGM, at which time all 
systems will be activated and checkout will proceed. Following checkout, the test 
subjects will  enter the AGM and the Orbiter will be placed in a slow roll. A f t e r  final 
checkout the configuration is spun up to the desired rpm/g-level combination. 
Characteristics. - The artificial-g module is designed for normal occupancy by 
four crew members and provides equipment and facilities to perform the full range of 
artificial-g/zero-g experiments identified by the AGC. The spin radius is fixed with 
the experiment floor at 67.0 feet. The configuration provides a range of g-level from 
zero to one over an angular velocity of 0- 6.62 rpm. Transfer of men and equipment 
between the artificial-g module and the RSM is possible at all times during rotation. 
Design Description 
This EPO is identical to EPO (k) in all respects except for  the fixed tunnel. This 
tunnel is a 48.0 inch diameter stiffened cylinder, the tunnel is stiffened with external 
stiffeners and internal frames. One end of the tunnel is rigidly attached to the 
adapter. The other end of the tunnel is connected to a mechanized rotary joint which 
permits the artificial-g module to be rotated 90" about its long axis permitting habit- 
ability experiments to be performed either in the plane of spin o r  perpendicular to it. 
Rotation of the Module and Orbiter. - The propellant weights required to roll 
the module and Orbiter about a longitudinal axis have been calculated using the methods 
described in EPO (k). These weights are shown in Table 23 which also indicates the 
difference in the required propellant if the motors are installed on the module. A 
smaller motor has been selected for  the module installation to keep the accelerations 
to moderate levels. 
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Weights. - Table 24 
(k) is the lighter tunnel weight. 
shows the weight for this 0, the only difference from 
Table 23. EPO (k') Rotational Propellant Weights 
Experiment Floor Rad 
Mass Moment of Inertia (Slugs x lo6) 
Acceleration (rad/sec2 x 
Angular Velocity (rad/sec) .25-g 
a 50-g 
1.0-g 
Time (secs) to Reach .25-g 
.50-g 
1.0-g 
Weight (lbs) of Propellant .25-g 
50-g 
1.0-g 
0 rbiter 
Mot0 rs 
4 @ 1600 lbs 
67 
3.27 
16.3 
.419 
e 582 
.802 
25.6 
36.0 
49.2 
470 
660 
910 
Module 
Motors 
2 @ 1600 lbs 
67 
3.27 
49 
.419 
,582 
.802 
8.6 
11.9 
16.4 
80 
110 
15 2 
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Table 24, (k' Prelimiilary Weight 
Fixed Tunnel 
Experiment Module 
Experiment A rea Equipment 
Living Area Equipment 
Crew (4 men) 
Personal Effects and Hygiene 
Food, 02, and water (30 days, 20% margin) 
ECS (Fans and Ducts only) 
Attitude Control 
Thermal Control 
Communication 
Data Handling 
Control Checkout and Monitoring 
Power 
Status and Control Consoles 
Contingency 
Payload Margin 
8,125 
-840 
3,400 
705 
685 
800 
120 
2,120 
25 
1,600 
25 
20 
20 
20 
100 
50 
1,000 
7,685 
Total 37,350 lb 
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General Description 
), Figure 28 consists of an artificial-g experiment module deployed from 
the shuttle Orbiter and RSM by a series of cables. Theorbiter and RsIM.act as a counter- 
weight when the Orbiter is rolled about the longitudinal axis. This EPO requires that 
the artificial-g module be completely self sustaining and for this reason a modified 
RSM plus a propulsion module is used for the experiment module. Artificial-g experi- 
ments are performed by rolling the shuttle Orbiter about its longitudinal axis at various 
rates. The radius at experiment floor is adjusted by the cable system joining the 
artificial-g module to the RSM and Orbiter. 
Operations. - A f t e r  launch of the shuttle and the attainment of a stable orbit, the 
cargo bay doors are opened and the RSM with the artificial-g module attached is erected 
and locked in a position normal to the roll axis of the Orbiter. A f t e r  erection,the crew 
will enter the artificial-g module and will activate and checkout all systems. A f t e r  
checkout is complete the test subjects will enter the experiment module. Other crew 
members remain in the RSM. The Orbiter will be placed into a slow roll and the arti- 
ficial-g module separated from the RSM until the desired experiment radius is reached. 
A f t e r  a final check of all systems the configuration is spun up to the desired rpm/g- 
level combination. A l l  radius changes will be accompanied with a reduction in the roll 
rate and a stability and systems check. 
Characteristics. - The artificial-g module is designed for normal occupancy by 
four crew members and provides equipment and facilities to perform the full range of 
artificial-g/zero-g experiments identified by the AGC . The artificial-g module, a 
modified RSM, contains a living area, an experiment area and anotlier assigned to sub- 
systems. The propulsion module houses the propellant and pressurant tanks and 
motors for spin and wobble control. The configuration provides a range of g-level from 
zero to one over an angular velocity range of 0 - 7.5 rpm. It also provides a change 
in the experiment floor radius from 52.0  feet to 125.0 feet. No transfer of men o r  
equipment between the module and the RSM is possible during rotation. Abort is a 
major problem of this configuration. 
Design Description 
The RAM Support Module - A standard RSM which has the active docking system 
installed is used for  this EPO. It will also have part of the cable extension system 
installed at the aft pressure bulkhead ring. Control of the cable system will be within 
the RSM. 
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will carry less than the standa thirtyday four-man s 
es because the artificial-g module uses its sub 
The Artificial-g Module. - This module is made from a modified RSM containing 
a full complement of subsystems necessary to make it an autonomous spacecraft. The 
module will have environmental control , electrical power, communication, data, food 
and waste management subsystems. It will carry all expendables with the exception 
of propellaats. 
The artificial-g module is divided into three general areas, a living area, an 
experiment area and a section assigned to subsystems. The living area contains the 
eating, sleeping, personal storage and waste management equipment. It also provides 
areas where equipment can be rearranged for habitability experiments. The experi- 
ment area allocates space to the various artificial-g and mobility experiments. This 
area also provides for  experiment equipment, sample collection and control consoles, 
and equipment storage cabinets. The third general area provides space and mounting 
provisions for storage and pressurant bottles and other subsystem equipment. 
The RSM general design philosophy has been followed for the artificial-g module, 
A major difference is the addition of experiment area flocr. The cable extension sys- 
tem is also attached to this module. 
The Propulsion Module. - This module houses the propulsion system used to 
rotate the artificial-g module at the same angular rate as the Orbiter and RSM as they 
are rotated with the Orbiter attitude control motors. 
The propulsion module is made as an extension of the artificial-g module. It 
consists of a short cylindrical structure which houses the propellant and pressurant 
tanks, the spin and wobble motors and a stabilization system. The propellants are 
the same as used in the shuttle Orbiter, that is LOB ahd LH2. The spin motors are 
assumed to be pulse modulated with net thrust levels varying from 150 to 1500 lbs. No 
attempt has been made to size the wobble motors at this time. The stabilization systems 
determine and control relative - positions of the Orbiter and the artificial-g module, 
the angular rates and angular velocities. 
Rotation of the Module and Orbiter. - The fixed thrust attitude motors mounted 
on the side of Orbiter fuselage are used in part to rotate this configuration. Motors 
are also mounted on the propulsion module to control the rotation of the artificial 
gravity module. It is necessary to match the angular acceleration of the Orbiter and 
the artificial-g module at each of the experiment radii, therefore, the thrust of motors 
on the module must be made variable. For the purpose of this study it was assumed 
that the motor could be pulse modulated. The propellant weights shown in Table 25 
are a combination of the weights of propellant carried in the Orbiter and on the propul- 
sion module. The weights shown are for a spin up o r  down from a rest position. For 
total experiment weights the values in the table are to be doubled. 
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e 25, S 
Distance of Orbiter to center of spin (ft) 
ment of Inertia (slugs x 106) 
Acceleration (rad/sec2 x loe3) 
Angular Velocity (rad/sec) .25-g 
.50-g 
1.0-g 
Time (secs) to Reach .25-g 
.50-g 
1.0-g 
Weight (lbs) of Propellant .25-g 
.5O-g 
1.0-g 
loo S 
50 
4.15 
5.290 
4.0 
.419 
-582 
.802 
104 
145 
200 
1010 
1400 
1940 
75 
6.25 
8.031 
5.7 
.329 
-462 
.643 
58 
81 
113 
565 
790 
1100 
100 
8.30 
11.521 
6.95 
-288 
-404 
I557 
41.5 
58 
80 
486 
626 
865 
125 
10.35 
16.487 
10.30 
.262 
-367 
-482 
25.3 
35.6 
46.9 
326 
460 
605 
Weights 
Table 26 shows a preliminary estimate of the weight in this EPO. The weight 
shown for the #1 RSM, which is pemanently attached to the Orbiter, reflects lower 
requirement for expendable gases, food, and water. The #2 RSM is the artificial-g 
module and it carries the weight of these expendables for  the full thirty day mission. 
The propellant weight shown is an arbitrary figure and should be modified by the selec- 
tion of the number and radius of the experiments planned. 
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able 26. 
Dry  
C rew 
Expendables 
Subsy st e&s 
#2. RSM 
Dry  
Crew 
Expendables 
Subsystems 
9,000 
7000 
400 
1100 
500 
16,500 
8500 
800 
2200 
5000 
Experiment and Living Equipment in #2 RSM 1,350 
Propulsion Module (attached to #2 RSM) 3,700 
Dry 1000 
Propellant 2700 
Positioning Mechanism (Estimate) 
Contingency 
Payload Margin 
2,000 
1,000 
3,800 
Total 37,350 Ib 
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' ), Figure 29 is an attempt to solve the abort problems of EPO ( I ) 
artificial-g experiment attached to the RSM and Orbiter and deploying a 
propulsion and ballast module on the end of a cable system. The Orbiter, 
artificial-g module will rotate at a 50 foot radius when the ballast module is at a radius 
of 1,570 feet. 
This configuration exhibits several unsatisfactory ckracteristics wkich include 
very high structural loads at the RSM interface. The loads are produced by the 1-g 
acceleration on the total mass (290,000 lbs) of the Orbiter resulting in a tension load 
which has to be reacted by the cable system. Also, because the ballast module has 
to be placed at a large radius to balance the Orbiter at the 50 foot radius the resulting 
mass moment of inertia is very high. The consequence of this high inertia is to drive 
the propellant requirements beyond the payload capability of the shuttle Orbiter. 
Because this EP8 does not satisfactorily meet experiment requirements and 
mission constraints it was dropped and no further work devoted to it. 
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(m) , Figure 30, is a free-flying configuration consisting of m artificial-g 
ected to a propulsion module and a counterweight, The 
quires the experiment module to be a self-supporting 
experiment module cablec 
free-flying mode of this-E 
spacecraft with autonomous subsystems, A modified M will be used for the artificial- 
g module. Artificial-g experiments are performed by placing the configuration on 
station some distance from the shuttle Orbiter, separating the artificial-g module from 
the countemeight and propulsion modules, and spinning up the configuration about an 
axis normal to the longitudinal axes of the modules. Radius changes are affected by 
controlling the length of the cables, spin up o r  down is controlled by the propulsion, 
attitude and stabilization systems on both the experiment and the propulsion modules. 
Operations. - After the launch of the shuttle and the attainment of a stable orbit , 
the cargo bay doors are opened and the RSM.@ttached to the artificial-g, propulsion 
and ballest modules) is erected and locked in a position normal to the Orbiter longi- 
tudinal axils. A f t e r  erection,the crew will enter the artificial-g module and will then 
activate and checkout all systems. A f t e r  checkout is complete the test subjects will 
enter the artificial-g module while the other crew members will remain in the MM. 
A f t e r  all hatches are  closed the complete module (EPO) will be separated at its docking 
interface to the RSM. The configuration will fly to its experiment station and stabilize, 
then,a slow spin will be initiated and the propulsion and counterweight modules separa- 
ted from the artificial-g module. When the configuration is at the desired radius the 
spin rate will be increased until the desired g-level is reached. A f t e r  eqerimentation, 
the modules wi l l  be spun-down and brought back together. They will then fly back to 
the Orbiter and dock to the RSM. 
Characteristics, - The artificial-g module is designed f o r  normal occupancy by 
two crew members for 15 days, and provides equipment and facilities to perform a 
wide range of artificial-g/zero-g experiments. The artificial-g module is a modified 
RSM with a living area, an experiment area and another assigned to subsystems. The 
subsystems include propulsion and stabilization. The propulsion module contains a 
separate propulsion and attitude control system. The counterweight is an inert struc- 
ture attached to propulsion module and includes the passive docking system and exten- 
sion mechanism. The configuration provides a range of g-level from zero to one over 
an angular velocity range of 0 - 13.5  rpm. It also provides a change in experiment 
floor radius of 16.0 feet to 425 feet, 
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e 
e 
ificial-g module. 
- This module, identified as 
is made from a modi€ied RSM containing a full complement 
will have environmental control, electrical power, co 
waste management and propulsion subsystems. It will carry all expendables including 
propellants. 
. The module 
The artificial-g module is divided into three general areas, a living area, an 
experimental area, and a section assigned to subsystems. 
The module is identical to that described in EPO ( g  ) except that the environ- 
mental subsystems a re  sized for  life support for a crew of two for fifteen days. It 
does include a propulsion and stabilization system. It carries an active docking sys- 
tem on the end of the module opposite to the RSM where a standard passive docking 
system is installed. 
The Propulsion and Counterweight Module. - This module is attached to the 
artificial-g module at a standard docking interface. It is also attached by an extension 
cable system used to control the separation distance after the release of the docking 
system. The module consists of a counterweight structure which houses the passive 
docking system and on which the cable system is attached. The propulsion section of 
the module is a short cylindrical structure which houses the propellant and pressurant 
tanks, and spin and wobble motors. LH2 and LO2 are the propellant and oxidizer 
used for the Shuttle Orbiter, the artificial-g module and the propulsion module. The 
spin motors are assumed to be pulse modulated with net thrust levels that vary from 
150 to 250 lbs. The stabilization systems on both the artificial-g module and this 
propulsion module determine and control relative positions of the propulsion and arti- 
ficial-g modules, the angular rates and angular velocities. 
Rotation of the Modules. - Rotation of the configuration is controlled by two 
1000 lbs fixed thrust motors mounted on the artificial-g module and motors with a 
total modulated thrust that varies from 150 to 250 lbs mounted on the propulsion module. 
Table 27 shows the total o r  combination propellant weights required to rotate this 
s configurations. The weights shown were calculated by the methods 
(k) 0 
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ghts 
Table 28 shows the prelimi EPO. The weight 
of the #1 RSM has been adjusted fo 
The #2 RSM is the artificial-g mo 
fifteen day ,mission. Propellant weights shown were a 
modified by operational requirements. 
e requi rement s ~ 
for  the two man, 
y-selected and must be 
Table 27. EPO (m) Rotational Propellant Requirements 
Distance of Propulsion Module from 
6 Mass  Moment of Inertia (Slugs x 10 ) 
Acceleration (rad/sec2 x 
Angular Velocity (rad/sec) .25-g 
.50-g 
1.0-g 
Center of Spin (ft) 
Time (secs) to Reach . 2 5 - ~  
.50-g 
1.0-g 
Weight (lbs) of Propellant .25-g 
e 50-g 
1.0-g 
Experiment Floor 
50 
273 
15.6 
4.1 
.419 
.582 
.go2 
102 
142 
19 5 
648 
900 
1240 
75 
$10 
35.2 
2.76 
.329 
,462 
.643 
119 
167 
233 
755 
1060 
1480 
Radius (ft) 
100 12 5 
545 682 
62.2 
2.06 
.288 
.404 
.557 
140 
197 
270 
890 
1250 
1720 
99.0 
1.62 
.262 
,367 
.482 
162 
226 
294 
1030 
1440 
1870 
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eight Estimate 
D r y  
Crew 
Expendables 
Subsystems 
#2. RSM 
Dry 
Crew 
Expendables 
Subsystems 
Experiment Eguipment 
Living Area Equipment 
Propulsion System 
Propulsion Propellant 
Counterweight and Propulsion Module 
De 
Count e weight 
P ropellant 
Positioning Mechanism 
Contingency 
Payload Margin 
8,70 
7000 
400 
800 
500 
17,200 
9000 
400 
1000 
4500 
700 
600 
3 50 
6.5 0 
5,000 
1000 
1500 
2000 
Total 
1,500 
1,000 
3,950 
37,350 lb 
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C A 
Comparative costs for the space shuttle ass 
ons were developed using parametric cost estimat 
point estimates. Costs were developed on a total 
be identified with the dev 
associated EPQs. The pu 
cant cost differences between EPOs and to provide 
lute magnitude of cost associated with the vario 
- The f i  in the cost analysis 
was t h repres e co& of the first pro- 
duction article-for the hardware associated with the various EPOs. This cost was 
generated at the subsystem level. The theoretical first unit costs (TFU) of the EPOs 
have been tabulated and appear in Table 29. 
The variation in cost for the different module structures is basically due to dif- 
ferences in size and weight. Other significant subsystems differences which affect 
cost are as follows: For  EPOs (1) and (m) , it was assumed that radio link communica- 
tions and data processing would be required, necessitating a self contained avionics 
system within the module. EPOs (g), (h) , (i), and (k) , on the other hand, rely on a 
hardwire modification to the Space Shuttle Orbiter avionics, E'FOs (1) and (m) also 
require a self contained environmental control system, whereas the other EPOs rely 
on a modification to the Orbiter ECS. EPOs (g), (h), and (i) are assumed not to re- 
quire a CMG system. EPO (k) requires one three-axis set of CMGS in the module, 
whereas EPO (1) requires a set in the Orbiter as well as the module. EPO (m) also 
requires two sets of CMGs, one for the module and one for the counterweight and pro- 
pulsion module section. E s (1) and (m) have a self contained electrical power sys- 
tem, whereas EPO (k) relies on a modification to the Space Shuttle Orbiter, EPO (g) 
relies on a modification to the Orbiter, but the significant power requirements of Ems 
(h) and (i) require basically a separate power supply. A l l  the EPOs that are rigidly 
attached to the Orbiter do not require a propulsion modulo. The free flying EPO (m) 
configuration requires an attitude control system to maintain a stable spatial relation- 
ship to the counterweight. 
An allocation of 15% of the total subsystem TFU cost has been made for final 
assembly, integration, and checkout. 
Total Program Costs - The theoretical first unit costs were used in conjunction 
with subsystem weights to develop the total program costs. These costs have been 
tabulated for a side-by-side comparison and appear as Table 30. The engineering 
design and development costs reflect the system differences discussed in the develop- 
VOL 119 
ment of the hardware costs, A l l  E s were assumed to require three 
test. This provides for one prototype unit, one qu 
quivalent shipset of subsystem development units. 
hardware for syst 
flight unit, and on 
program costs were developed parametrically from first unit costs and weights. This 
provides for the systematic development of relative costs. 
The significant results of the cost analysis are as follows: 
a. The EPQs that are an integral part of the Space Shuttle Orbiter have a total 
program cost in the range of 100 to 140 million dollars. 
b. The ZPQs that are essentially autonomous with respect to the Orbiter are 
considerably higher, having total program costs in the range of 240 to 260 
million dollars. 
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EX NT 
The data requirements, both explicit and implicit, set forth by the 
smith Artificial Gravity Committee (AG 
Ar t i f i c i a l  Gravity Experiment De 
for  this study. The 
tests and inertial p r  
were considered to be inclusive, 
requirements for space based inertial studies to provide valid performance criteria 
for centrifuge EPO comparison. Based on the premise that the experiments sug- 
gested in the AGC report imply those current groundbased techniques that are 
reasonably standardized and potentially flight compatible, these experiments were 
defined and their methodologies analyzed, covering all in-flight factors germane to 
the centrifuge tradeoff study that could be delimited within the groundrules of this 
study. 
Using the general scheme of the AGC report, the individual experiments are 
assembled as to group, sub-category, and category. The three general experi- 
mental categories are (I) Medical/Physiological, (11) Human Performance, and (III) 
Habitability, and are presented herein in that order. These categories are  dif- 
ferentiated into experimental sub-categories, each consisting of experiments shar- 
ing a common experimental objective. These experimental sub-categories are further 
divided into groups consisting of experiments that share more specific common- 
alities, e. g., the investigation of a specific psychophysiologic system, performance 
activity, o r  habitability aspect. 
In the experimental descriptions that follow, the textual format follows essen- 
tially the format adopted €or the Information Matrix Part I . in the ordering of key 
items, to facilitate the reader's relating from a specific experiment' s entry in 
the data matrix to its discussion in this section. 
In the indexing of individual experiments, those including a subscripted ' 1' 
conform precisely to the AGC-suggested inertial profile, following one o r  more 
phases of the total mission profile presented in Figure 31. 
In the descriptive texts of the experiments, all key items are capitalized and 
are defined as follows: The Experimental Source Reference pertains to the group re- 
sponsible for including the particular experiment as part  of the spacebased artificial 
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gravity study. 
mittee ( A G ~ )  o 
methodology selected to perform the particular experiment. 
either the Artificial Gravity Com- 
) personnel who performed this 
ence has no r e l a t ions~p  to the source of the 
Common-use equipment refer to those items that would probably be used in the 
performance of a large number of flight experiments, whichever of the experiments 
included in this report were finally selected for an actual flight program. Common- 
use equipment are not listed in the Information Matrix,, Major Instruments o r  Appara- 
tus (Experiment-peculiar items) are equipment that would probably be used only for 
one specific experiment, o r  at most a rather limited number. For  this report, these 
are items that in most instances would not be flown unless that particular experiment 
was selected as part of the flight program. 
The Subject Pre-Test State is a description of the test Subject's psychophysio- 
logic condition to the extent that is pertinent to the valid conduct of the test activity. 
A s  these descriptions assume that standardized means would be used to control non- 
inertial contingencies and all inertial artifacts, the definition of the Subject Pre-Test 
State consists of characterizing the required inertial exposure of the Subject leading up 
the initiation of test activity. The Subject Pre-Test State is the first item in the defini- 
tion and analysis that is rated as to each Experiment Performance Option' s (EPO' s) 
capability to provide the item in question. Each EPO is rated excellent, good, fair ,  
poor, marginal, o r  unacceptable, each rating level being represented in its Information 
Matrix entry by a particular tone density-coding . This tonal coding varies from black 
(for unacceptable) through shades of gray (indicating a gradual improvement in capa- 
bility as the tone lightens), to white (for excellent), and allows the reader to make a 
quick visual assessment of the capability of each E P  in providing the conditions re- 
quired for successful performance of the experiment. The same rating scheme and 
matrix coding scheme is used for all rated items in the experiment definitions and 
analyses, with only the criteria used to establish ratings varying from item to item. . 
In all cases, the selected rating criteria a re  those factors most crucial to the success- 
ful attainment of the experiment' s objective. The philosophy of criteria selection and 
EPO rating is described in greatest detail in the initial experimental definitions and 
analysis, to which the reader is then referred. 
The Test Subject Activity describes the Subject's required participation in the 
experiment, the only variation being that in the Category (Habitability) physical 
experiments this item describes, instead, the activity of the examiner directly conduct- 
ing the experiment. The rating criteria for this item relate to the feasibility of the 
activity being performed, not to how well it can be performed. For  example: How 
well does the EPO meet the spatial requirements of the test? How well does the EPO 
facilitate the presence of personnel required to implement the subject activity? How 
well does the activity sustain the automation required by a particular EPO? These are 
some of the typical questions used to rate EPOs for this item. 
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that there is no relative difference in the Number of Data Points, so this factor 
is not rated. The Subject Time per  Data Point is the ratio of the total experimental 
time penalty for the Subject (including his time requirements for setup, testing, and 
cleanup) to the number of data points derived. It was not within the scope of this con- 
tractual study to consider the experimental time commitments within the context of an 
overall mission crew function analysis, therefore, it was necessary to assume that the 
Subject Time per  Data Point is the same for all EPOs, eliminating any basis for r a t i i  
this factor in the data matrix. 
The Measurement Environment factors are limited to the pertinent inertial envi- 
ratings being based on the respective capabilities for 
ecified by the experimental method. With radius capa- 
fixed by the radial position of the Subject within the structural confines of each 
the W M  and g-Level are usually direct functions of one another. This relation- 
ship set the basic constraint of the Measurement Environment EPO rating: once either 
the RPM o r  the g-Level was selected as the most critical inertial parameter for  a 
given experiment, the remaining parameter became the dependent variable with its EPQ 
capability restricted to whatever was provided by the specified independent variable. 
For example, if an experiment required a low ceiling on RPM, the g-Level capability 
considered in rating each EPO was not what it could provide under maximal RPM, but 
what the particular low-RPM specification would provide for that experiment. 
ronment parameters, the E 
providing each range o r  le 
The g-Gradient Ratio is a function only of the radial position and posture of the 
Subject during testii,being the ratio of the height of the Subject along the radius to 
the radial distance from the spin axis to the Subject' s dependent limit. 
ratings for Experiment Objective Attainment are based on how well 
the experiment' s objective can be achieved using each particular EPQ as the required 
gertial device. These EPO ratings reflect all of the EPO ratings of the individual 
factors constituting the experimental requirements. 
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the ratio of the total man-hour ( 
Points derived. This parameter also is not rated. 
a 
Equipment Weight aad 
rbital Missions, ox on 
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The medical and physiological studies required for a complete evaluation of arti- 
ficial gravity have two major purposes. The first is to determine the design envelope 
in terms of gravity and angular acceleration levels within which a 1arge.proportion of 
future space base personnel will be able to perfom their tasks safely and effectively 
without experiencing any of the untoward effects of rotation. The second is to deter- 
mine the value of partial gravity in maintaining the condition of physiological systems 
for long duration exposures to the space environment and for the stresses of reentry 
and readaptatim to the terrestrial gravitational field. When these results are known 
it should be possible to establish physiological design criteria for the construction of 
rotating modules in future space stations, the space base, and other long duration man- 
ned vehicles. The major objectives which constitute the bulk of the medical and physio- 
logical protocol are: 
. To find the maximum angular velocity limits for a population 
characteristic of space base personnel. 
. To determine tolerance to frequent large step changes in 
angular velocity. 
. To evaluate adaptation of physiological systems to partial 
gravity (near 0.5 g) . 
. To compare results of the adaptation to partial gravity with 
the same crew in null gravity. 
. To determine the extent to which reconditioning by artificial 
gravity after zero gravity increases tolerance to reentry 
stress and normogravitational orthostasis. 
. To measure incidence of space sickness in zero gravity and 
the effectiveness of artificial gravity in eliminating it. 
These objectives constitute the bases for the medical/physiological experiment sub- 
categories. 
1-1.0 Tolerance to Anffular Velocitv - The common objective of the experiments 
in this sub-category is to determine the rate-of-rotation to which crew members can 
accommodate without significant impairment of wellbeing and performance, deriving 
from that information (1) the dependence of rpm tolerance on g-level, (2) the validity 
of ground simulation, a.nd (3) the tolerance envelope of st large population characteristic 
of future space base personnel. 
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he motion sickness syndrome is the chief f 
high rotation rates. There is variability between people, 
if no special precautions are taken, about half of the gen 
some degree of 
based rotating p . This means that some ning will be ne 
sary in the future for artificial-g modules o r  v e carried out in 
space o r  on the ground. Head rotations are the stimul ch appear to cause this 
motion sickness. When the head is turned out of the p rotation, the semi-circ 
canals sense not only the angular acceleration imposed by the volumtary head motion, 
but also an angular acceleration at right angles to both the angular velocity of the en- 
vironment, and that of the head. This latter stimulus is due to the cross-coupling of 
the two angular velocities. Vestibular stimulation of this type induces motion sickness 
when strong enough to create a marked conflict with the other predominating senses 
dealing with body orientation: (a) vision, (b) muscle and bone joint proprioception, and 
(c) touch and pressure. Conflict with cognition, i.e. , awareness of the real situation, 
may also play a part. It is not presently known why the central nervous system 
reacts to a severe conflict by producing the motion sickness syndrome. The ventibular 
system occupies a central role. Subjects without functional s8micirmlar canals cannot 
usually be made motion sick. 
Since the strength of the anomolous sensation depends on the product of the head 
and environment rotations, the tendency to become sick can be made negligibly small 
by restricting head movements which occur out of the plane of platform rotation. Another 
way of reducing the effect is to become habituated to the environment by extensive train- 
ing o r  by intentionally making repeated head movements that are small enough to avoid 
motion sickness but large enough to cause some sensation. The large variability of 
motion sickness thresholds in different people is presumably due in large part to dif- 
ferences in experience. Prediction of impending motion sickness can be made, by 
subjective sensations as well as by measuring the eye movements (nystagmus) and 
visual illusions (the oculogyral illusion) ~ The earliest stage of the syndrome usually 
is a sense of drowsiness and boredom, and the symptoms progress through stomach 
awareness and nausea and eventually to vomiting. The early levels of discomfort 
(drowsiness and sweating) generally do not influence task performance directly but do 
cause the individual to become less active and bored when he is not performing his 
assigned duties. Adaptation schedules and other techniques to reduce motion sickness 
tendencies are being developed. Current methods of categorization are subjective, but 
attempts are being made to develop objective quantitative correlates of the stages of 
motion sickness, including hormone and enzyme measurements. Work is also under- 
way to investigate the usefulness of drugs in preventing motion sickness without produc- 
ing undesirable side effects, and to learn more about the origin of the syndrome. 
ioning at 2 rpm to carry out normal daily activities on a g m n d  
Because of the little-understood interaction of the otolith organ with the semi- 
circular canals, it is possible that adaptation to rotational states may be different in 
an orbital environment than on earth, and that the variation in gravity experienced at 
different radii for constant rpm may affect the cross-coupled angular acceleration 
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thresholds for he movements e 
susceptibility to motio sickness may independent of gravity level. 
space base it is extremely important 
sickness. If an individual experiences such an episode, his perf0 anee and his atti- 
tude toward ground control, the other crewmen, and his duties aboard the space base 
may be markedly affected, A t  the same time, an adequate strength gravity field was 
assumed by the ground rules of the AGC study to be desirable for  long duration space 
missions, with the major objective of its proposed artificial gravity eqeriment being 
the elimination of uncedainties concerning rotational tolerance. 
owever, most current evidence suggests that the 
to reliably avoid occurrence of 
The purpose of the spacebased measurements required is the definition of the 
limitation imposed on angular velocity of the rotating vehicle by motion sickness in the 
crew. The AGC approach is to expose the crew to the highest angular velocity possible 
in 2 rpm steps, each lasting 24 hours at a fixed radius. The reasons for choosing the 
gradual acceleration are: 
, Ground based work indicates that gradual increases will allow 
the highest ultimate angular velocity obtainable. 
. The approach is to compare the flight results with those obtained 
during similar tests in centrifuges on the ground. Ground simulation 
is always slightly above 1 g. 
. Knowing the validity of simulation, large populations can then be 
studied for purposes of defining design parameters of future bases. 
Since one of the unknowns of rotation in the weightless environment is the effect of g-level 
on the tolerance to head-motion-induced disorientation, it is proposed to then examine 
two additional gravity levels at each angular velocity level during subsequent spin down. 
This is achieved by having the crew members carry out a test series at two additional 
radii. If the results are no different at these levels, it is reasonable to suppose that 
test reactions will also be similar at any radii required. This is now predicted as a 
result of ground based studies on centrifuges, and if confirmed in flight would mean 
that relatively short radii are sufficient to examine angular velocity tolerance levels 
for  future vehicles with larger radii and, therefore, higher g-levels at a specific 
angular velocity. 
The first two o r  three days (early Phase II in Figure 31 ) expose the crew mem- 
bers to low gravity levels which may bring about the alleviation of any space sickness. 
Therefore, the performance of this sub-category of experiments overlaps those of the 
space sickness sub-category (1-6.0). 
The AGC recommends that, if at all possible, rotation during Phase II proceed 
to a reasonably high level, with a maximum of 10 rpm. The crew is not tested at grav- 
ity levels higher than 1. If one crew member develops early signs of motion sickness, 
he does not participate in any further test. A s  soon as a second crew member shows 
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early signs, the test is terminated, and the vehicle 
the tests at the other radii. 
down in 
relationship cannot be 
on" at terminal velocity the 
habituated to rotation by Phase 11, angular velocity tolerance testing as a function of 
other radii (g-levels) ng the reduced spin rates of Phase III may have little validity. 
The net result of the experi 
for angular velocity tolerance for 
to define the upper limits 
are similar at the various 
imposed, extrapolation can be made with reasonable certainty to 
igher g-levels for future vehicles. Even if there is a consistent 
e angular velocity responses at each g-level, reasonable extrapo- 
till be f,easible. In this way it should be possible to examine 
ial gravity without the use of systems which provide a very the requirements for  
large radius of rotation. 
1-1.1 Vestibular and Related Phenomena 
- The experiment's objective is to provide a 
genic response to cross-coupled stimuli as 
the initial determimtion of e and its g-sensiti 
The Experimental Sou ence for this study definition is the Artificial 
ured Phenomenon, the OGY, consists of the per- 
, as yet undefined, of the illusion 
theory of egocentric visual localization, 
ation of the canals and counteracted by 
on the target. The threshold 
hophysical manifestations of 
and the illusion of postural rota- 
se can be conducted at a lower 
Gravity Committee (AGC). 
ception, by a subject exposed to angular acceleration, of the illusory movement of a 
s best explained on the 
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lving significant pe 
angular velocity in space vehicles and the g-sensitivity of these responses, to initiate 
testing with methods characterized by high sensitivity and measurability. This is 
especially so considering the limited data available regarding the effect of linear 
acceleration on cupulo-endolymph sensitivity. Data generated by vestibulular studies 
performed in aircraft flying parabolic maneuvers are mixed as to their 'meaning; for 
example, studies done at NAMI on a sample of twenty subjects found identical canalic- 
ular thresholds in zero-g and one-g for ten subjects, with four demonstrating greater 
sensitivity in zero-g and the remaining six less sensitivity. Similar heterogeneity has 
been found among studies performed elsewhere. Extrapolations from similar studies 
performed at various levels of hypergravity in groundbased simulators also are ambi- 
guous, However, the net picture suggests that i f  hypogravity does alter the sensitivity 
of the vestibular systems, it does so only marginally and should not be significantly 
constraining relative to groundbased tolerance. Nevertheless, until the proposed 
transference of groundbased responsivity to the spacebased situation is conclusively 
documented, a conservative approach to elucidating man' s tolerance in space is 
warranted, including the determination of psychophysical responses to lowstress 
Coriolis vestibular stimuli prior to exposure to more stressful environmental inter- 
actions. The OGY not only tends to be the most sentitive of the two illusory responses, 
but being visual in contrast to somatic it is susceptible to a greater number and pre- 
cision of measurements, including duration, direction and magnitude. The OGY deter- 
mination will complement data from the M131 Skylab A canalicular studies which will 
involve angular acceleration stimuli produced by concentric monoplanar rotation rather 
than cross-coupled stimuli occurring eccentric to the environmental spin axis. The 
AGC study does not require the determination of the OGY threshold for cross-coupled 
angular acceleration stimuli, per se, but only the measurement of the level-of-response 
in space, at various g-levels, to the same mechanical suprathreshold stimulus used in 
groundbased control studies e 
a verbal instruction tape and a voice log for recording the subjective estimations of 
the OGY. Major Instruments o r  Apparatus (Experiment-peculiar items) are  a bite- 
board and its attachment to the couch, and an OGY target (integrated with the OTG). 
The common-use pieces of equipment to be used are a restraint chair o r  couch, 
The AGC protocol calls for an OGY determination on each subject as soon as 
possible after each inertial change. The AGC inertial profile, related to a hypothetical 
early space station, designates the testing to be protracted over two phases (Phase II 
and Phase IIT of Figure 31 ), the first proceeding upscale in rpm (starting at 2 rpm, 
progressing to the tolerance ceiling at 2 rpm steps, while spending 24 hours at each 
level), the second reversing the process downscale in rpm but spending 48 hours at 
each rpm plateau. Phase 11 testing is to be performed at a radius of 32 feet from the 
spin axis, Phase at 16 feet and 64 feet. Therefore, the required Subject Pre-Test 
excluding the first test of Phase II immediately following initial spinup, is that of un- 
dergoing prolonged rotation, but naive to each successive inertial environmental 
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characterized by a combination of rpm and g 
'sequent Data Matrix presentation fo r  this e 
habitability indefinitely by virtue of a brief logistic stop every twelve hours, with the 
subject kept immobile while static to prevent contamination of the perrotational test 
results. This forms the basis of the good rating shown for this EPO' with EPQs (i), 
(k) , (k' ), and (m) rated as excellent. 
vel (radius). 
ment, EPO (g) can ma 
The Test Subject Activity requires that he estimate his OGY responses to active 
head turns performed while in the restraint chair. Procedurally, the Subject is seated 
in the chair, facing tangentially in the rotating environment. He wears the M131 Otolith 
Test Goggles (OTG), which contain the lighted OGY target and are integrated to a custom 
bite-board apparatus. When the Subject bites down on the dental impression superim- 
posed on the bwrd, he is constrained to move his head only in the frontal plane. A test 
trial consists of two 45" head movements in the frontal plane: a tilt toward the left 
shoulder and a return to the upright. The only object visible to the Subject is the dimly 
lit target in the OTG. A t  the initiation of the taped instruction, the Subject makes as 
rapid a head turn as possible to his left, being stopped by the restraint on the bite bar. 
The Subject signals the beginning and end of any OGY with a thumb switch and audibly 
describes the direction (using clock-face terminology) and magnitude (using the linear 
dimension of the QGU target) of the illusion. One minute after the initiation of the left 
turn, the Subject responds to the command to turn his head back to the upright, again 
reporting the duration, direction and magnitude of an OGY response. A l l  Subject ver- 
bal comments are  recorded on a voice log. The OGY determination is performed once 
at each rpm €or each designated g-level (radius) as  soon as possible after the rpm is 
changed. A l l  EPQs are  rated excellent on the data matrix relative to execution of the 
Subject Activity. 
Considering time factors, the AGC testing profile designates that the OGU test 
extend a total time of 15 days (Phase 11 and Phase 111 combined). Each Subject is 
tested once during each 24-hour period, as soon as is convenient after the spin-rate 
is changed. Subjects are tested in the same order each time, and prior to their test- 
ing after rprn change they remain as immobile as possible, minimizing the vestibular 
habituation that takes place. Time required for a single test trial for a given subject 
is 35 minutes (20 minutes for setup, 5 minutes for  test, and 10 minutes for cleanup). 
A s  six data points are determined for a single trial (for two head turns, a data point 
each for duration, direction and magnitude), this requires an average of approximately 
0.1 hours per data point. The total number of data points collected per  Subject over 
the 15 day duration is 90. The criterion for rating EPOs on these Time Factors relates 
solely to each device' s ability to maintain the subject in the test environment for  the 
total time duration--in contrast to the Pre-Test State factor which considers the environ- 
ments effect on the Subject' s responsivity. EPO (g) is rated good due to its smaller 
free volume compared to excellent for EPQs (i), (k) , (k' ) , and (m) ~ 
The Measurement Environment defined by the AGC for the hypothetical station 
is as follows: Going upscale in rpm (Phase n[), testing is performed at each spin-rate 
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(of maximum range 2 rpm to 10 
rpm (Phase III), testing is perfo 
designated by the AGC, the g-levels involved in this experiment range from an implied 
minimum of 0.02 g (2 rpm at 16 ft) to an explicit ceiling of 1.0 g.  Referring to the 
data matrix, the rationale for rating EPOs on g-level provision is as follows: The 
five rating levels inclusive of marginal and excellent are met by the EPQ achieving 
some rating total ranging from 1 to 5 based on the values assigned to two criteria: 
The capability for meeting the full range of g from 0.02  to 1.0 being valued at 2 and 
the capability of meeting all three g-levels (radii) per spin-rate being valued at 3. 
Estimations are made of partial capabilities. Any total of points on both criteria are 
interpreted as: 1 = Marginal, 2 = Poor, 3 = Fair, 4 = Good, and 5 = Excellent. On 
this basis all of the EPOs can cover the g-range without exceeding the 10 rpm maximum 
if the Orbit in roll mode is used and earn a rating of 2 points. EPOs (g) and (i) each 
have two experimental positions approximating the 16 ft and 64 f t  radii specified and 
are rated at 2 points. In the case of EPOs (k) and (k') the 64 f t  radius is the normal 
minimum. It is probable, however, that the RSM could be used as a second experiment 
station so that the rating in these cases is also given as 2 points. EPO (m) can easily 
achieve the three specified radii and earns a 3 point rating. A s  a result, EPOs (g), 
(i), (k), and (k') have totals of 4 points and are rated good. EPQ (m), with five points, 
is rated excellent. 
) at the 32-fOOt radius 
d at each spin rate (of 
m) at two radii, the 16-foot station one day and the 64-foot station the other. A s  
For  the g-Gradient Ratio, the ratio of the heart-to-foot gradient to the floor- 
level g, the criterion is the range encompassed by the ATC-specified radius range, 
0.06 to 0.25. Within this range, further differentation is performed, partly on the 
bases of the radial minima of 40 ft and 26 f t  suggested in the literature relative to the 
factors of g-Gradient and hydrostatic gradient, respectively, and partly on the basis 
of absolute radius, per se. If use of the RSM as an experiment station is again con- 
sidered for EPOs @) and (k'), all EPOs are considered excellent,with respect to 
Gradient Ratio. 
The rpm criterion is the capability for providing the full AGC-specified range of 
2 . 0  to 10.0 rpm, with the implication that this range extends beyond the angular veloc- 
ity tolerance level for at least two Subjects of the sample. Considerable ground based 
data exist on tolerance limits to angular velociw, though this information' s orbital 
validity is reduced generally by the uncertainty of the effect of hypogravitation upon 
vestibular response to rotation, and reduced specifically by shorter rise times to a 
given spin-rate compared to the profile stipulated by the AGC, However, within these 
limitations, the following ratings are assigned to the various rpm capabilities: 
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Exellent: 
Good: 6 s-spinmaximum <10 rpm, EPOs (k), (k'), and (1) 
Fair : 5 sspin maximum < 6  rpm 
Poor: 4 <spin maximum 45 rpm 
Marginal: 0 s- spin maximum < 4 rprn 
spin maximum = 10 rpm, EPOs (g), (i), and (m) 
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Angular Acceleration ratings for  the various 
are  not applicable (NA) e predicated on conservativ 
time intervals (measured in minutes) between a rate change and the conduct of a test 
trial. A s  for environmental constraints to avoid artifacts, unscheduled rotational o r  
accelerational maneuvers are restricted during the test trials. A t  a minimum, such 
perturbations are limited to the groundbased canalicular threshold range of from 0.09 
deg/sec2 to 7.0 deg/sec2. Ideally, all dynamic transients occurring during the test 
trials should be recorded. 
Os relative to this e 
m change rates and 
Considering the capability of each EPO for Experiment Objective Attainment, the 
test objective Attainment, the test objective is to determine the OGY response of each 
subject to progressive levels of rpm, before significant habituation to that rate has 
occurred, and at several different radii at each rpm. Ratings on this factor relate to 
how much of this objective is attained and how well the test situation duplicates the 
operational set to which the expected data will be applied. Rating values are estab- 
lished at 1 through 5 for marginal through excellent. The experimental objectives of 
determining the QGY response at each step of the rpm range, and several radii at each 
step, are valued at 2 points and 3 points, respectively. A s  the effect of a reduced g- 
Gradient on the validity of these determinations has not been defined, the validity 
quality for all EPOs is considered comparable, and the relative ratings hinge entirely 
on the quantity of data provided. 
EPQs (g), (i), and (m) receive full value (2) for rpm range, while EPOs (k) and 
(k') are  credited only 1 point due to the slightly lower rprn ceiling. EPOs (g) and (i) 
receive only one point on determining the g-sensitivity of each man' s response since 
following the AGC test profile, as with the other EPOs, will have rendered test Sub- 
ject' s completely habituated to rotation. Ground based data under comparable circum- 
stances suggests strongly that the g-level (radius changes during spindown) will not 
provide a meaningful comparison of g-sensitivity. Also, the fact that EPOs (g) and (i) 
must be spun down and reconfigured in order to change radius in an additional deviation 
to the AGC procedure. EPOs (k), (k' ) and (m) do not have this reconfiguration peculiar- 
ity and are assigned 2 points. Final ratings then are "Fair" for  a l l  EPOs except EPO 
(m) which is rated as "good". It should be noted, however, that appropriate experiment 
redesign can raise the ratings of EPOs (k) , (k' ), and (i) to ''Good"; and EPO (m) to 
"Excellent". It is felt that EPO (g) should retain the "Fair" rating because of reduced 
Subject number and inconvenience even with redesign. 
Astronaut Time Per Data Point for  the OGY test requires approximately double 
the Subject time, i, e . ,  0 .2  hours, regraaless of the EPO. Weight Per Experiment 
totals five lbs (2 lbs for  the OTG and 3 lbs for the bite-board and attachment yolk) 
regardless of EPO. Volume P e r  Experiment totals 0.9 f t3  (0.4 for the OTG and 0.5 
for the bite-board and attachment yolk) regardless of the EPO. 
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ent' s objective is to 
re of vestihlogenic response to 
of angular velocity tolerance and its 
g-sensitivity following each inertial change. 
These experiments are done in unison with 1-1. lal, the QGY determinations. 
Therefore, only information not included in the preceding QGY descriptions and re- 
quired to perform the nystagmus experiments will require discussion. 
Vestibulo-ocular nystagmus is the involuntary cyclic rotation of the eye in response to 
canalicular stimulus, the purpose of the reflex being to promote a steady image on the retina. 
When the initiating stimulus is due to cross-coupling, the characteristic slow and fast phases 
of eye movement are coplanar with the cross-coupling angular acceleration effect and 
tend to hinder rather than help any optokinetic stabilization efforts. While the threshold 
for the OGY response is lower and may be of greater duration than the nystagmus elici- 
ted, and both phenomena are closely related to vestibulo-ocular reflex, there are 
ample reasons for including both experiments. The nystagmic response provides addi- 
tional, not merely redundant, information. The OGY is a subjective evaluation, the 
electronystagmogram (ENG) objective. Dissimilar central mechanisms relate to each, 
one result being that, in contrast to the QGY, nystagmus can be rendered more reliable 
by stabilizing the level of CNS arousal by using a standard alerting procedure. Thus 
controlled, changes in nystagmic output reflect changes in the habituation of the organism 
to specific levels of vestibular stimulus. Quantitatively, the angular velocity of the 
nystagmus slow phase is related to cupula position at any given instant, and the intensity 
and duration of the nystagmus bear a direct relationship to the magnitude of canalicular 
stimulus. 
Common-use eqpipment are the body harness with signal conditioners and leads 
to the TM transmitter, and an analogue recorder to receive and store the d-c ENGs in 
real time with the OGY data. Experiment-peculiar Major Instruments o r  Apparatus 
are  the sets of bioelectrodes for peri-orbital application, and a perimeter for calibra- 
tion of the electronystagmographic (ENG) system. Test Subject Activity during testing 
is the execution of the OGY testing described previously. While doing so, the subject 
wears the five peri-orbital electrodes (including an indifferent electrode) to implement 
transduction of the corneo-retinal potentials that provide the ENG 
chloride electrodes are applied and removed once a day by either the subject o r  other 
personnel. Time per  ata Point is 0.19 hours including four parameters (amplitude, 
duration, slow phase velocity and total beats) per head turn. Number of Data Points 
per Subject per  total experiment are 120 (8 x 15). 
These silver-silver 
Astronaut Time Per ata Point is 0.2 lbs. Volume per Experiment is 0.002 ft3- 
The Time Per Data oint values hold for 1-1. lbl. 
I-1.1~1 Performance After Head Motion - This experiment' s objective is to 
determine angular velocity tolerance and its g-sensitivity by measuring psychomotor 
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performance i m m e ~ a t e l y  fol S the plane of rotat 
erence for this study definition is the 
asured Phenomena are the sychomotor performance 
level following an active head turn and 
In an artificial-g 
tor and be in the plane 
amount of cmss-coupli 
lation studies of such stations often suffer from the artifact of being performed with 
the Subject displaced nearly at right angles to the spin plane so that side-to-side head 
turns produce minimum 
attenuated, disurientation from head turning and nodding were found to be significantly 
greater out of the plane of spin than in the plane of spin by criteria of performance and 
voluntary rate of head turn, and it appears that the degradation in performance increases 
at a ratio of 1.6, from comparison of performance following 0" and 90" interplanar 
angle head turns. With the interplanar angle held constant, and other experimental 
factors controlled, degradation in perfomance was found to be a direct function of the 
cross-coupled angular acceleration produced times the duration of head turn. O r  , 
stated another way, with the angle of head turn held constant, reduction in performance 
related directly to the angular velocity of environmental rotation. It was found that a 
reduction in ability to fixate the visual display of the perceptual-motor task following 
head turn correlated, in almost a linear fashion, with the reduction in task performance. 
This reduction in the ability to stabilize the retinal image occurred frequently even in 
the absence of nystagmoid eye movements as recorded by EOG. The causal relation- 
ship appeared to be a reduction in perceptual-motor ability caused by an increased 
vestibulo-ocular dysfunction correlating with an increase in interplanar angle o r  environ- 
mental spin (with angle of head turn held constant). 
d with the centripetal force vec- 
s will then cause a m 
be 90" to the spin plane. 
ss-coupling. In studies at GDC where this artifact was 
The common-use pieces of equipment for the AGG experiment are a restraint 
chair, an automatic test control, and recorders to receive and store analog and digital 
data. Major Instruments o r  Apparatus (Experiment-peculiar) include a head restraint 
capable of limiting head turns both in angle and plane and supplied with potentiometric 
outputs at the two (Z-axis and Y-axis) ixrn spindles, and the Response Andysis Tester 
(RATER) - a perceptual-motor testing device. 
The Subject Pre-Test State, excluding the first test of Phase II immediately fol- 
lowing initial spinup, is that of undergoing prolonged rotation but being naive to each 
successive inertial environment characterized by a given combination of rpm and g- 
level (radius). The OGU test repetition preceding this experiment is limited to only 
four head turns, which, with a requirement for as little movement (interaction with 
environmental rotation) as is possible prior to the running of this test, should provide 
Subjects essentially unhabituated to the force field of each succeeding test environment 
The ratings of the EPOs for  this factor are identical to those detailed for the OGY 
experiment. 
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s that he perfo 
intermittent turns while in 
ubject respond to the display of each one-of-four colored lights 
(red, green, blue and yellow) by pressing the appropriate one-of-four buttons. When 
the correct button is pressed, the next color is displayed in a randoh, non-repeating 
order. Total responses and total correct responses are recorded automatically as is 
a d-c signal indicating the latency of response to each display. The visual display of 
the RATER is collimated to 1" of visual angle to make the test sensitive to decrements 
in retinal stabilization (cf. Experiment 1-1. lfl) and the response buttons a re  integrated 
in a module separate from the display so that the former can be positioned in the Sub- 
ject' s lap, thereby eliminating the factor of reach sensitivity from the interpretation 
of the testing results. The basic testing sequence totals 150 seconds of testing and con- 
sists of ten 15-second trials interspersed by nine 20-second rest intervals. The begin- 
ning of each 15-second trial is signaled by a light to the Subject's left (for the Z-axis, 
side-to-side, head-turn test) o r  above his head (for the Y-axis, nodding, head-turn 
test). To view the RATER color display the Subject must then execute either a Y o r  Z 
axis 70" head turn, to which he is constrained by the mechanics of the head restraint. 
A t  the end of each test trial, the RATER display goes black requiring the Subject to 
return to the rest position to await the next signal light. For  each experiment repeti- 
tion, six ten-trial sequences a re  performed, one each for the six head-turn/vehicle- 
rotation interplanar angles: Yo, Y45, Ygo, Zo, Z45, and Z g 0  - the subscripts indicat- 
ing the angle in degrees, the Y and Z indicating a nodding o r  side-to-side head turn. 
One Subject will perform the Y-turns first in his six-turn sequence, the next subject 
the Z-turns, and so forth. The same order of head turns is maintained for each Sub- 
ject throughout the entire experiment. To achieve the various Y-angles with the plane 
of vehicle rotation, the Subject will begin facing tangentially (Yo), with the restraint 
chair being rolled to provide the remaining two orientations (the Ygo having the Sub- 
ject facing axially), A s  all erect positions of the Subject in a space vehicle provide 
only Zgo turns, to achieve 20 and 245 the Subject will face tangentially and be tilted 
90" and 45" on his side, respectively. A s  EPOs ' a' , ' b' , and ' c' fa i l  only in providing 
the capability for  providing the 90" restraint chair tilt (the Zo position), all EPOs rate 
excellent for this factor. 
While RATER data can be differentiated even on an intra-trial basis and total 
e r rors  and total correct responses yield worthwhile information, calculated only on 
the basis of three parameters (average response latency, net score, and head-turn 
time per  trial), Time P e r  Data Point is 0.009 hours. This is predicated on a total 
repetition time of 1 and 2/3 hour (25 minutes setup, 1 hour test, and 15 mhutes clean- 
up). Number of Data Points per  Subject for the Experiment is 2700. EPO ratings on 
Time Factors and the Measurement Environment are the same as for  Experiment 
1-1. lal (the OGY). 
The Experiment Objective Attainment EPO ratings are the same as for 1-1. lal. 
Astronaut Time Per Data Point is 0.018 hours. veight Per Experiment is 4 lbs. 
Volume P e r  Experiment is 0.6  ft3. 
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s experiment's objective is to deter- 
vity by measuring rotary pursuit track- 
1 
mine angular 
ing requiring large-excursion head and arm movements. 
The Experimental Source Reference for this study definition is the AGG, The 
Measured Phenomenon is the ability of practiced Subjects to perform a rotary pursuit 
task requiring major head and arm movements. 
Perceptual-motor tests are particularly sensitive to an altered force field. An 
individual? s ability to position a limb, ta orient himself o r  parts of himself, to manipu- 
late tools o r  to perform piloting tasks are dependent on vestibular and kinesthetic cues. 
Perceptual-motor tasks have besn used in both the Soviet and American manned space 
programs for  this reason. A form of perceptual-motor test widely used by experimen- 
tal psychologists is the rotary tracking test. A number of instrumental variations are 
and have been used but most utilized is that introduced by Koerth. This consists of a 
small target near the edge of a revolving turntable, the Subject being scored on the 
amount of time he can keep his stylus in contact as the target revolves. This is an 
appropriate task for assaying angular velocity tolerance because the apparatus variables 
which influence tracking behaviour have been explicitly stated and explored and the 
apparatus can be sized to force major excursions of head and hand and reflect their 
reaction with the environment in the quantitative effect upon the tracking performance 
of practices Subjects. 
The common-use pieces of equipment involved are the automatic test control, 
which includes a verbal instruction transmitter, a digital recording and storage system, 
and a restraint chair. Major Instruments o r  Apparatus (Experiment-peculiar) are the 
target turntable and tracking stylus. The turntable is three feet in diameter and can be 
driven at constant speeds up to 60 rpm. Set flush in the turntable' s surface and 2 and 
3/4 inches from its periphery is a 3-1/2 inch diameter target, divided into a 0 . 7  inch 
bullseye and four 0 . 3  inch thick concentric rings. The bullseye and rings a re  electrically 
conducting. The turntable is designed to be attached to the Subject's restraint chair, 
mounted vertically with adjustment allowing it to be centered approximately three 
inches below the average Subject' s shoulder level. The stylus consists of a plastic 
handle 5-1/2 inches long and one inch in diameter to which is attached a flexible shaft 
4 inches long tipped by a conducting ball. An electrical lead passes through the hollow 
cores of the shaft and handle from the ball, in series with parallel chronometer elements 
and target area links. The elastic quality of the shaft allows definitive direction of the 
tip but collapses under pressure to prevent "locking in' of the target by the Subject. When 
tracking, the stylus provides a four inch extension from the Subject's hand to the target. 
The chronometer system is actuated whenever the stylus tip touches either the bullseye 
o r  any of the four concentric circles, providing digital values fo r  three parameters: 
Total Time on Target, Total Time on Bullseye, and Average Distance of Stylus Tip from 
Target Center. 
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is suggested by the committee 
shortly after initial spinup, the Subject Pre-Test State is that of undergoing prolonged 
rotation, and partially habituated to the immediate inertial environment as character- 
ized by the rpm/g-level (radius) constraints. The partial habituation is due to this 
experimsnt being preceded by 1-1. lel, an experiment entailing repetitive head-turns 
orthogonal to the plane of environmental spin. EPO ratings as to this factor are the 
same as for 1-1. lal. 
For  the test the turntable is driven at a constant rate specific to each Subject, a 
rate that during groundbased testing allowed him to plateau at 80 f 10% of perfect per- 
formance. An experiment repetition consists of twelve 30-second trials, six with the 
Subject facing tangentially and six with him facing axially. The design of the turntable 
facilitates its mounting on the restraint chair. The Subject positions himself, stylus 
in hand, in the restraint chair, with the turntable adjusted so that it is twenty inches 
from his chest and centered in the plane of his preferred a m .  He begins to track the 
target bullseye the moment the turntable starts rotating and continues until it stops. 
H e  is allowed to move his body to the degree permitted by the seated position and the 
lower body restraints. Complete freedom of head, eyes and arms is allowed. Scoring 
automatically starts five seconds after the beginning of turntable rotation, allowing the 
Subject that much time to get on target. The turntable stops after the 30-second scor- 
ing period ends, then automatically starts 25 seconds later. EPO ratings for  Test 
Subject Activity are all excellent. 
Time for  one repetition is 40 minutes (20 minutes setup, 1 2  minutes test, and 
8 minutes cleanup), data points pe r  repetition are 36, giving a Time Per Data Point of 
0.019 hours. Total Number of Data Points per Subject per experiment is 15 times 36, 
o r  540. EPO ratings for  Time Factors are unchanged from previous vestibular experi- 
ments discussed, as are EPO ratings for the Ikeasurement Environment. 
Experiment Objective Attainment EPO ratings for  the LGT are devalued by the 
same factors discussed in detail under 1-1. lal, and when preceded by the RATER task, 
are further reduced by the partial habituation inherent in the headturn sequences re- 
quired by the latter. When pre ratings are fair fo r  (g), 
(k), (k'), and (i), and good for 
Weight Per Experiment is eight lbs . Vi lume Per Experiment is 1.5 f t .  
d by the RATER, its E 
(m). Astronaut Time Per ata Point is 0.038 hours e 
1-1. lel Ballistic Aiming and Pointing (BAP) - This experiment' s objective is to 
determine angular velocity tolerance and its g-sensitivity by measuring reach speed 
and accuracy within a testing context requiring major head movements. 
The Experimental Source Reference for this study definition is the AGG. The 
Measured Phenomenon is the ability of trained subjects to perfo rapid and accurate 
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reach movements of the 
ng major head m 
with the vernier guidance p 
arm-movement and movement p 
The common-use pieces of e ent involved are  e automatic test c 
digital recording and storage system, and a restraint chair. Major Instruments o r  
Apparatus (Experiment-peculiar) are the BAP turntable and scoring stylus. These are 
the same turntable and stylus used in the LCT, with a shield positioned over the turn- 
table such that the latter is entirely masked except fo r  two one-inch apertures positioned 
180" apart on the periphery of the shield that allow the bullseye of the target to be seen 
as it passes. The turntable is rotated at rates specific to the ability of the Subject 
being tested (up to 60 rpm, at which rate the bullseye passes one aperture 0.5 sec. 
after it passes the other). Contact of the stylus with the bullseye at either aperture is 
recorded by the digital system. 
The entire discussion of the Subject Pre-Test State relative to the LCT applies 
to the BAP, with the habituation process even more significant when preceded in the 
test program by the LCT test in addition to the RATER test. (It is worthwhile to note 
at this point, that opposing the habituation process that may facilitate the performance 
of later tests in an experimental program may be some degree of psychophysiologic 
deterioration due to cumulative stresses of preceding - earlier - tests. Without the 
large sample sizes that allow balanced ordering of tasks within groundbased testing 
batteries, spacebased causd relationships may be resistant to isolation) 
fo r  this factor a r e  the same as for  preceding experiments. 
EPO ratings 
For  the test, the turntable is driven at a constant rate specific to each Subject, 
a rate that during groundbased testing allowed him to plateau at 80 f 10% of perfect ' 
performance. An experiment repetition consists of twelve 30-second trials, six with 
the Subject facing tangentially and s ix  with him facing axially. The Subject and turn- 
table positions are the same as for the LCT test, as are the Subject's freedom of body 
movements. The shield is positioned so that one aperture is at 3 0' clock and the other 
at 9 0' clock. The turntable rotates clockwise. The ct has the stylus positioned 
as  close to the 3 0' clock aperture as is possible waiting fo r  the appearance of the bulls- 
eye when the turntable begins to move. He strikes at the bullseye as it appears and 
then attempts to strike it again as it appears at 9 0' clock, then back to 3 0' clock, etc., 
until 30 seconds are up and the turntable stops. He is scored on total contacts per  trial. 
There are three trials from side-to-side and then the shielding is rotated and three 
trials a re  conducted from 12 0' clock to 6 0' clock, and then six identical trials with 
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allys whichever the rem 
remain fixed for  each 
ect Activity are the same as fo r  the 
Time for one repetition is 40 minutes (20 minutes setup, 12  minutes test and 
8 minutes cleanup), data points pe r  repetition are 12, giving a Time Per Data Point of 
0.056 hours. Total Number of Data Points per Subject per experiment is 15 times 12, 
o r  180. EPO ratings for  Time Factors are unchanged from previous vestibular experi- 
ments discussed, as are EPQ ratings for the Measurement Environment. 
Experiment Objective Attainment ratings per  EPO are essentially the same as 
fo r  the LCT, with the validity being even more suspect if it is preceded by the LCT in 
the testing program. Astronaut Time Per Data Point is 0.112 hours. Weight Per 
Experiment is 8.8 lbs. Volume Per Experiment is 1.5 ft3. 
1-1. If l  Visual Fixation - The objective is to determine angular velocity toler- 
ance and its g-sensitivity by measuring visual fixation on task display immediately 
following head turns relative to the plane of rotation. 
The Experimental Source Reference for this study definition is the AGC. The 
Measured Phenomena is the stability of visual fixation on task display following an 
active head turn. 
Visual acuity required for optimal performance necessitates adequate retinal stabili- 
zation of the display image. This stabilization must be produced by the appropriate oculo- 
motor responses to the synergic vestibular and optokinetic signals. While some workers have 
suggested that the perceptual dysfunctions associated with vestibulocular reflexes initiated by 
cross-coupled angular acceleration stimuli are  due to the individual's difficulty in con- 
trolling inappropriate nystagmoid responses so produced, in rotational studies at GDC 
there has been little demonstration of classical nystagmus following stressful head 
turns toward a visual task. Rather, the increased total eye movement recorded follow- 
ing stressful Z-axis turns, when compared to the less stressful Y-axis turns, was 
almost . completely due to the horizontal component of eye movement. This is not in 
agreement with the predominantly rolling (X-axis) nystagmus that would be predicted 
to occur, and which was essentially the only, though marginal, nystagmus that did 
occur. These and other studies at GDC demonstrated a rapid stabilization of eye 
position correlating with a series of correct RATER responses beginning immediately 
after the performance of an unstressful orientation headturn, while the more stressful 
turns demonstraked a marked aperiodic oscillatory response of the eyes that was clearly 
not nystagmoid in configuration. These intervals of pendular eye movement coincided 
with blocks in scoring at the beginning of each RATER trial. 
The preceding observations suggest that what might be contributing significantly 
to the oculomotor embarrassment following the stressful head turns is a phenomenon 
variously referred to as leading eye movement (due to its phase advancement relative 
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to head movement), the anti-compens 
tion as antipodal to the nystagmus sl 
looking (when the phase- 
shift in head o r  body axi 
as early as 1947, the phenomenon has not been the subject of concerted interest 
the last few years. Thought to be an expression of the same vestibular d 
duces the saccadic or quick phase of nystagmus, leading 
logically, has been hypothesized as providing a reaction- 
recognizing an object of interest, stopping nystagmus, focusing optokinetically on an 
object, initiating a tracking segrence, stopping head movement, or ,  more fundamentally , 
as a mechanism to extend the extra-ocular muscles to their optimum lengths for  the 
generation of compensatory (slowphase) eye movements). LEM became disadvantageous 
when inappropriate vestibular signals that may result from head-turn rates outside the 
normal range o r  from the cross-coupling of normal head turns with the turning of a 
rotating frame of reference (as in the stressful turns of this study) significantly delay 
the optokinetic fixation of the gaze. 
vance of eye-mov 
d therefore is 
Additional studies performed at GDC on visual fixation as it affects RATER (per- 
ceptual-motor) performance involved correlations of data on image stabilization using 
two methods: (1) eye-motion photography, and (2) vectoroculographic integration of 
d-c EOGs. These methods concurred on an apparent relative increase of the LEM o r  
anti-compensatory response of the oculomotor system as orientations of increased head- 
turn s t ress  (increased gyroscopic cross-coupling) are encountered by the Subject. 
Whether this apparent increase is due to an absolute increase in the LEM drive o r  to a 
reduction in compensatory control is equivocal, but it is apparent that the resulting 
delay in visual fixation correlates directly with perfoimance degradation and increased 
vegetative discomfort. From this groundbased evidence, significant data would be 
added to the spacebased angular velocity tolerance studies by inclusion of visual fixa- 
tion monitoring with RATER Performance After Head Turn (Experiment I. 1. lcl). While 
eye motion photography is virtually prohibitive as a flight method due to the extensive 
calibration required and the vectoroculograph presents substantial data-reduction 
problems, the Eye-Point-of -Regard (EPR) System developed by Systems Technology 
shares neither disadvantage and, in addition, incorporates an element to measure any 
head-movement relative to the frame of reference. 
A s  the Visual Fixation Experiment is done in unison with the RAT R Experiment, 
only those additional elements required to implement the former will be discussed. 
Common-use equipment requirements include computer support to integrate the eye and 
head movement signals into the true point of regard. Experiment-peculiar Major 
Instruments o r  Apparatus include the eye-movement device, which measures position 
of the eyes relative to the skull, and the head-movement device, that measures head 
movement relative to the frame of reference. The eye-movement device consists of a 
pair of infrared optical transducers mounted on a set of lensless spectacles precisely 
controlled by integration with a dental bite board. These measure eye angle with respect 
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to the head, us 
horizontal measurements, while contrast differences between the eye and its upper 
lid are used for vertical measurements. The head-movement device is an electro- 
mechanical goniometer, which measures the head angle relative to a defined point on 
the head restraint moving with the Subject' s head. It is attached to the dental bite 
board, while a lightweight telescoping linkage provides a reference between it and the 
head restraint. The Subject Test Activity and its EPO ratings is unchaiged from 
1-1. lcl, the only requirement being to don and doff the requipment and participate in 
the pre-test calibration procedure. 
the reflected li 
hanges in reflected light betwe 
Predicated on only one principal parameter, time to visual fixation (within 1' of 
visual angle) following initiation of head turn, data points per repetition are 60, requir- 
ing 2.3 hours Subject time (1 hour setup, 1 hour test, and 20 minutes cleanup - includ- 
ing entire penalty for RATER task), o r  Time Per Data Point of 0.039 hours. The 
number of Data Points per  Subject per  experiment is 900. EPO ratings on Time Factors 
and Measurement Environment are unchanged from 1-1. lcl. 
Experiment Objective Attainment EPO ratings are unchanged from 1-1. lcl. 
Astronaut Time Per Data Point is 0.078 hours. Weight P e r  Experiment is 0.9 lbs. 
Volume Per Experiment is 0.07 ft3. 
1-1. lgl Otoljtk Sensitivity - The objective is the acquisition of data fundamental 
to an understanding of the functions of gravity receptors at various levels of hypogravity. 
The Experimental Source Reference for this study definition is the Artificial 
Gravity Committee (AGC) . 
Normal and labyrinthine defective (LD) subjects have been tilted in one-g and in 
zero-g aircraft flights. LD subjects tend to be more accurate in zero-g than normals, 
confirming the importance of non-vestibular proprioceptive mechanisms for persons 
without the use of otoliths. To assist in separation of otolith cues to spatial orientation 
from those received from the Subject' s non-vestibular mechanoreceptors, testing 
should involve both subjective visual and subjective non-visual estimations of spatial 
orientation (relationship to the external frame of reference) combined with analogous 
estimations relative to the body axes (relationship to the internal frame of reference). 
Such an approach is used in this experiment. Though referred to as the otolith sensi- 
tivity experiment, this study, in contrast with the Ocular Counterrolling Experiment 
(I-1. lhl) - which is a strictly objective test of otolith response - involves the subjec- 
tive use of all of the gravity receptors including the otoliths, and is therefore similar 
to the spatial localization portion of the Skylab M131 Experiment. The Measured 
Phenomena of the experiment are the Subject' s perceived visual (the orientation of the 
illuminated line in the OTG) and nonvisual (the orientation of the magnetic rod on the 
Nonvisual Directional Indicator o r  NVDI sphere) spatial alignments relative to the 
external and internal frames of reference. 
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The common-use pieces of equipment involved are the restraint chair (which can 
be automatically tilted by the examiner), an instruction tape audio transmitter, and an 
analogue data recorder, Major Instruments o r  Apparatus (Experiment-peculiar) are 
the OTG, the NVDI and the custom bite boards. The OTG is used to measure visual 
space orientation in two dimensions. The NVDI consists of a reference sphere, a mag- 
netic pointer, and magnetic straps. The magnetic pointer is held against the sphere 
and moved by the subject in accord with his alignment estimates while his judgements 
are measured by an associated three dimensional readout. The hand-held magnetic 
straps are used as  a sphere handling aid. The custom bite boards are stainless steel 
superimposed with cast materials of each Subject' s dental impressions to hold the OTG 
precisely and comfortably in position. 
The AGC report calls for a complete replication of the Otolith Sensitivity Test 
to be performed for each subject during each 24-hour period at a given rpm and radius 
(g-level) . The otolith testing (including the Counterrolling Experiment) is scheduled 
subsequent to the canalicular testing and before the testing of postural equilibrium 
(taxis) 
The Subject Pre-Test State for the Otolith Sensitivity Test is one of asymptotic 
vestibular habituation to the given rpm/g-level environment due to the number of tests 
that will have already been conducted in that particular environment. No restrictions 
on the freedom of movement of the subject are  required prior to his testing other than 
essential constancy of radius (g-level). 
same for each EPO as for the preceding vestibular tests. 
For this factor, matrix evaluations a re  the 
a. 
b. 
C. 
d. 
Orient the 01% target line to internal frame of reference. For roll, 
this requires that the target line be set parallel to his long-body ( Z )  
axis with the arrow toward his head. For pitch, this requires that the 
line be set so that the imaginary line between the eye and gap in the 
target line is perpendicular to the body axie. 
Orient the OTG target line to external frame of reference. For roll, this 
requires that the target line be set parallel with the inertial vector with 
the arrow pointing up. For pitch, this requires that the setting be such 
that an imaginary line between the eye and the target line normal to the 
inertial vector, i. e. , parallel to the floor. 
Orient the NVDI rod to external reference. For pitch or roll, this requires 
setting the rod on the sphere parallel to the inertial vector with the 
magnetic end pointing down. 
Orient the NVDI rod to internal reference. For pitch or  roll, this requires 
setting the rod parallel with his long-body (Z) axis with the magnetic end 
toward his feet. 
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0 
The subject performs the above set of tasks in the 
pitchedbackward 15 ~ 30 and 45 ese couch positions, as for the ro 
are presented in randomized orders. The tasks are then repeated in the 
L e e ,  at 0 and ro ed to the right 15 30 and 45 To restrict the Subject to an 
essentially linear inertial field, testing in  the pitch mode is done with subject facing 
axially, in the roll mode with the Subject facing tangentially. Between the pitch mode 
and roll mode testing, the Subject is given ten seconds with the OTG off to re-orient 
himself to the room environment. Other than that, the Subject is required to keep his 
eyes closed, even though he is wearing the QTG, except when instructed to make a 
visual estimate, which he does immediately and then recloses his eyes. When required 
to make a setting relative to the External Reference, if no definitive sensation of an in- 
ertial vector is perceived, the setting is not made and a hand signal given indicating 
this. A one-minute wait is required prior to test resumption following each couch 
position change. The use of the bite board keeps the Subject precisely aligned with 
the QTG. Ratings for the various EPQs for this factor are identical with those of 
the other vestibular experiments discussed previously, and are  considered excellent 
in all cases. 
tch mode first, L e ,  I at 0 and 
0 0  0 
0 0 8  0 
A s  with the other experiments in this group, testing is designated by the AGC 
for each day of the 15-day duration covering Phases I1 and 111. 
quired for  a single test repetition is one hour (15 minutes of setup, 35 minutes for 
testing, and 10 minutes for cleanup). Time Per Data Point is 0.032 hours. Total 
Number of Data Points per Subject for the experiment duration a re  480. The Interval 
between a Subject' s repetition is approximately 24 hours. The EPQ ratings for this 
factor are the same as for the previous vestibular experiments discussed. 
Time per Subject re- 
The Measurement Environment defined by the AGC for Phase I1 and I11 testing 
was detailed in the discussion of Experiment 1-1. la (The Oculogyral Illusion Experi- 1 ment). In contrast to that and the other canalicular experiments, capability in this 
experiment is primarily concerned with meeting the ACG g-range rather than provid- 
ing testing at several radial levels per rpm. Therefore, rating of the various EPQs 
relates to the proportion of the fu l l  g-range that is provided during the course of des- 
cribing the AGC rpm profile, as follows: 
Excellent: 
Good : 
Fair: 
Poor: 
Marginal: 
g-range up to maximum of L O  
0.1 sg-maximum < L O  
0.4 sg-maximum < ? . O  
0.1 sg-maximum <0.4 
0 sg-maximum <Oel 
The ratings for the g-Gradient Ratio are the same as for the previous vestibular tests 
discussed, as  a re  the ratings for RPM and Angular Acceleration. A s  air flow patterns 
may provide clues to orientation, Subject and chair are provided with a temporary 
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shroud during this experiment, 
A s  to the Experiment Objective Attain 
listcd above for g-level provision since the range of g-levels over which the subject 
can be tested is the major dynamic criterion, Astronaut Time per Data Point is 
0.062 hours regardless f EPO. Weight per Experiment totals 8 lbs and Volume Per 
Experiment totals 1.5 f t  e 
5) 
- This experiment's objective is the acquisition 
g of the functions of gravity receptors at of d 
various levels of hypogravity. 
The Experimental Source Reference for this study definition is the Artificial 
Gravity Committee (AGC). The Measured Phenomenon, counterrol€ing, is the tend- 
ency of the normally vertical meridian of the eye to remain vertical as the head is 
rotated to the right o r  left about the sagittal axis. Counterrolling is the only well- 
defined, entirely involuntary utricular reflex in man. CR is readily observed in any 
normal subject with markings on his iris to serve as a reference. A s  the subject's 
head rotates about the sagittal axis from upright to 90 , his eyes will  rotate from 
their normal position about 6 t o  8 degrees in the opposite direction about their visual 
axes. CR does not occur in labyrinthine defective individuals, and is deduced as a 
direct function of reduced gravity, being nonexistent in normal individuals in  the weight- 
less state. The response of the otolith (as indicated by the CR response) to off-nomin- 
a1 stimuli may provide significant information as to their mechanism of function, 
Normal Subjects have been exposed to sustained body tilt (4 normals at 60 for eight 
hours), hypergravitational forces (histories of 27 test pilots and astronauts), to hypo- 
gravitation (in A/C parabola and during manned space flight), and to anti-motion sick- 
ness drugs. The drugs were not effective in reducing end organ response as mea- 
sured by the CR reflex, and the altered inertial environments had no post-exposure 
effect upon the CR response. A s  part of the baseline data, over 300 randomly select- 
ed normals and about 30 test pilots and astronauts have been tested at NAMI to attempt 
to determine what a normal CR index is. Marked individual differences have been 
noted. The study is being continued indefinitely to determine inter- and intra-group 
variability so as to enhance the meaningfulness of postflight M131 results. It is of 
fundamental importance to record in-flight CR indices at the various levels of sus- 
tained hypogravitation. 
0 
0 
The common-use equipment involved is the restraint chair. Major Instruments 
or  Apparatus (experiment-peculiar) are the camera system for photographing the iris 
and the associated dental bite-boaord. For this test the restraint chair must facilitate 
rotation of the Subject up to - + 50 about the optical axis of the camera system, which, 
when the Subject is properly adjusted, is also the visual axis of either his left or right 
eye. A custom fitted bite-board is used to fix the Subject' s head with respect to the 
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camera recording system, The camera system used to photograph the natural iris 
landmarks includes a motor driven 35-mm camera with bellows extension and an 
electronic flash unit, Power is required for the e ectronic flash, a timer control 
mechanism, and controls for the flashing, round fixation light which surrounds the 
camera lens. 
The AGC report suggests a complete repetition of the CR Experiment far each 
Subject during each 24-hour period at the given rpm and radius (g-level). The otolith 
testing (including the CR Experiment) is scheduled subsequent to the canalicular 
testing and before the testing of postural equilibrium. However, in ordering the 
vestibular and related tests, it would be advisable to run the CR last as it calls for the 
use of a miotic agent to constrict the size of the pupil and reduce its physiologic oscil- 
lations, and t5e subsequent application of an antidote may not immediately restxe full 
visual acuity to the Subject. 
I 
The Subject Pre-Test State is the same as for the Otolith Sensitivity Experi- 
ment, and the EPO ratings for this factor are unchanged from those for the previous 
vestibular experiments. 
Immediately prior to the performance of the CR Test, one drop of 1% pilo- 
carpine HC1 ophthalmic solution is instilled in the Subject' s eye that is to be photo- 
graphed. The Subject is secured in  the tilt chair, the CR bite-board inserted in his 
mouth, and the position of his appropriate eye adjusted so that it coincides with the 
optic axis of the camera system when he fixates the center of the flashing red ring of 
light. Six photographic recordings are made at the 0 position (the Subject is faced 
tangentially to maintain subsequent tilts in a parallel inertial field). He is then slowly 
tilted in his lateral (frontal) plane to each of four other positions e25 , 250 ), with 
six photographs taken in each of the positions. 
0 
0 0 
The Test Subject Activity is nearly a passive one, consisting only of fixating 
on the flashing red ring of light surrounding the optic axis of the camera when in- 
structed to at each tilt position. The CR Experiment requires virtually all physical 
manipulations of Subject and apparatus to be done by the examiner, including setup, 
test, and cleanup. Throughocit the period of experimentation, particularly after each 
change in body tilt, the examiner must verify the correctness of focus and the Subject' s 
fixation a s  indicated on the ground-glass screen of the camera. On this basis, inter- 
preting Test Subject Activity to mean all intra-centrifuge crew activity, here is derated 
to good as fine adjustments of camera focus and Subject alignment must be performed 
remotely. EPO (i)? (k), (k' 1 and (m) are rated excellent. 
A s  with the other experiments in this group, testing is designated by the AGG 
for each day of the 15-day duration covering Phases II and Ill, with approximately 24 
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hours separating a given Subject* s repetitions, Time per Subject required for a single 
t$$t repetition is 1-1/2 hr (45 minutes setup, 30 minutes test, and 15 minute 
up). Time Per Data Point is 0,30 hours, Total Number of Data Points per 
experiment is 15 times 5, or 75, The EPO ratings for this factor a re  the same as 
for the previous vestibular experiments discussed, 
The Measurement Environment discussion, including E PO ratings, is identical 
Considering the Experiment Objective Attainment, the E PO ratings are identical 
to that for 1-1. lg (Otolith Sensitivity Test). 1 
to those listed for the g-level provision. Astronaut Time Per Data Point is 0,60 
hours. Weight per Experiment totals 6 lbs for EPOs (i), (k), (kf ) and (m), and 10 lbs 
fo EPO (g) which requires remote control syspms. Volume per Experiment is 0.5 
f t  for EPOs (i), (k), (k'), and (m) and 0.85 f t  for EPO (g). 
s 
1-1. li, Postural Balance (Taxis) - This experiment' s objective is to determine 
angular vhocity tolerance and its g-sensitivity by measuring performance of a stand- 
ard static and dynamic postural equilibrium test. 
The Experimental Source Reference for this study definition is the AGC. The 
Measured Phenomena are  the Subject' s walking and standing abilities as  sensitized 
by the constraints of the standard NAMI Floor Ataxia Test Battery (FATB). 
Walking and standing involve nonvestibular proprioceptive mechanisms as  wel l  
as vestibular ones. A s  such, deterioration in these functional abilities have been 
correlated, over a large number of groundbased studies using various ataxia test 
batteries, with the abnormal vestibular stimulation effects of gravitoinertial force 
environments, motion sickness susceptibility, labyrinthine caloric threshold response 
levels, proficiency of gymnastic body control, experimentally induced positional al- 
cohol nystagmus and blood alcohol levels, and clinical-type ataxia test responses. 
While postural disequilibrium or  ataxia has been found to correlate with some single 
or analytically combined nonvestibular factors such as  body configuration, age, and 
cardiopulmonary reserve, Subject differences in general are primarily attributable 
to experimentally induced vestibular and proprioceptive effects in normal individuals 
or to clinical otoneurological defects. Although not considered to be a s  serious a 
potential operational problem as motion sickness, elucidation of the underlying mech- 
anisms of taxis is of major pertinence to the effective design and operation of manned 
perrotational vehicles, and is also of theoretical scientific interest. In a re 
gravity environment, the stimulus to the balancing mechanisms may be of such a low 
magnitude that there may be some decrease in balance effectiveness. When the low- 
gravity field is provided by rotation, the balance capability may be further impaired 
because of Coriolis forces and the cross-coupled angular accelerations. In order to 
see whether this effect is of sufficient magnitude to cause concern, experimental in- 
vestigations are required. 
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The astronaut moving about in a rotating environment will be subjected to Coriolis 
forces and cross-coupled angular accelerations. 
and the direction in which the forces act will vary depending on the walking velocity and 
direction relative to the axis of rotation. The same holds true relative to the cross- 
coupled angular accelerations that will be experienced when he turns his body rapidly 
from one orientation to another. As a result it may be difficult to coordinate the body 
and limb motions properly and to maintain postural equilibrium since varying stimuli 
will result from an attempt to make essentially identical voluntary motions in each 
case. 
magnitudes of the co 
The problems may be further complicated when the stimuli to the normal bal- 
ancing mechanisms are reduced as would be the case for artificial-g levels less than 
one, especially if  it is also accompanied by visual illusions. 
Earth simulators have limitations for assessing the ataxia effects during walk- 
ing in a rotating environment. One limitation is that the method of supporting a Sub- 
ject in the correct attitude constrains the Subject to walk in a single plane. 
ataxia may not become evident in earth simulators making it difficult to extrapolate 
earth based results to the artificial gravity environment where the Subject has six 
degrees of freedom. 
mandatory. 
Thus 
The result is that artificial gravity measurements of ataxia a re  
Four functional boundaries are expected to influence walking on the floors of 
rotating space vehicles. (The bases of the envelope are partly supposition and partly 
groundbased data. 
ated by studies during A/C parabolic flight and hypo-g simulations. ) 
Those data primarily g-dependent have been reasonably corrobor- 
The upper gravity boundary is one below which when walking at 3 ft/sec the 
body wil l  never exceed 1 g. Below the leg weight boundary, the feet, when walking at 
3 ft/sec, will not exceed 1 g. Above the 0.1 g traction limit, traction is expected to be 
adequate. The fourth boundary, the ratio of Coriolis force to artificial weight, is one 
above which, when walking 3 ft/sec, the change in weight due to the relative motion 
will not exceed 0.5 of the artificial weight. A number of studies at LRC have examined 
walking in simulated artificial gravity at the nominal values of 1/6, 0.2, 0.3, and 0.5g, 
While walking against the rotation at 1/6g ,,traction became difficult which tends to 
verify the traction boundary. A t  0,5 g while walking with the rotation the subjects 
complained of leg heaviness, indicating that the boundary for leg heaviness may be 
somewhat high. Walking at 0.3 g seemed to be the most amenable g of those studied. 
The coriolis/gravity boundary has not essentially been established at 0.5. It should 
be noted that these data were obtained for curved floors having a constant value of 
radius. Flat floors, depending on the radius, can impose additional difficulties. 
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The use of the NAMI Floor Ataxia Test Battery (FATB), is recommended for 
several reasons: (1) its precise constraints make it more quantifiable and more sensi- 
tive to equilibration dysfunction than conventional locomotion tasks, therefore it both 
supplements and complements data to be derived from the latter tests performe d in 
the same environment; (2) it makes available a large body of normative and ground- 
based experimental data against which to compare spacebased results; and (3) it pre- 
sents some advantages over the NAMI Rail Atax ia  Test Battery (RATB),, with which it 
shares the above virtues, in that a rail is not required for conduct of the test, and 
the hazard of falling when balance is lost is thus essentially eliminated. 
Common-use pieces of equipment involved are two cinegraphic cameras. 
The sound equalizer consists of the ear pieces of a stethoscope 
Major 
Instruments or  Apparatus (experiment-peculiar) required are  a sound equalizer and 
a floor grid. 
integrated by a plastic tee, with the tee open to the environment. This item is worn 
by the Subject during the testing, to distribute all sounds, from whatever direction, 
symmetrically to his right and left ears. This prevents tropic imbalance due to 
asymmetric sound. 
marked off in a six-inch grid, the two axes of the square running axially and tangen- 
tially. The grid is a permanent part of the flooring and the individual squares of the 
grid are  boldly identified, using an alphanumeric system, so that they are  legible 
when viewed by the examiner through the TV monitor. 
The floor grid consists of a seven-foot by seven-foot square area 
The Subject' s Pre-Test State and the associated EPO ratings are identical with 
those of the previous experiments. 
The Test Subject' s Activity requires that he perform all of the standing and 
walking balance tests making up the Floor Ataxia Test Battery (FATB), These are 
performed twice during one test repetition; once in the axial direction and once in 
the tangential direction. Al l  of the tests making up the battery are performed with the 
Subject in the stringent body position of arms folded against chest, feet (shoes on) 
heel-to-toe and tandemly aligned (SOLEC and Classical Romberg Tests excepted), and 
body erect or nearly erect. Administered in the following order, they consist of the: 
(1) Sharpened Romberg (SR) - standing with eyes closed for a period of 60 seconds; 
(2) Stand One Leg Eyes Closed (SOLEC-R and SOLEC-L) - standing for a period of 30 
seconds; (3) Walk a Line Eyes Closed (WALEC) - walking a distance of five feet in  a 
straight line; (4) Walk On Floor Eyes Closed (WQFEC) - same as WALEC, but 
scored differently; (5) Classical Romberg. In instances of extremely poor performance 
eyes-open versions of the following tests are administered: (6) Sharpened Romberg 
(SR E/O); (7) Stand One Leg Eyes Open (SOLEO-R and SQLEO-L); (8) Walking a Line 
Eyes Open (WALEO); (9) Walking on Floor Eyes Open (WOFEQ); (10) Classical Rom- 
berg Eyes Open (CR E/O). A description of the individual ataxia tests and scoring 
procedures follows. 
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Sharpened ). ~ r n ~ m u m  
is discontinued the criterion score of 60 seconds? stan 
any trial. Subjects are permitted to close their eyes at any time after assuming the 
correct body and foot positions. A score of 60 seconds on the first  trial is wei&ted 
4, and a perfect test score of 240 (60 seconds x 4 trials) - Subjects are credited with 
perfect scores on the remaining nonadministered trials - is assigned; a perfect score 
on the second trial is weighted 3, and 180 (60 x 3) plus the number of seconds stood on 
the first trial becomes the assigned test score; a perfect score on the third trial is 
weighted 2, and 120 (60 x 2) plus the number of seconds stood on the first two becomes 
the assigned test score; with Subjects requiring a fourth trial, the total number of 
seconds stood on the four trials becomes the assigned test score. 
Stand on One Leg Eyes Closed (SOLEC). Subjects undertake this test upon com- 
pletion of the SR. The task consists of standing on each leg (SOLEC-R and SOLEC-L) 
with arms folded against chest. A maximum of five trials is administered. Testing 
on each leg is discontinued when the criterion score of 30 seconds is obtained on any 
trial. Subjects a r e  not permitted to make this a dynamic test by virtue of moving the 
standing foot in any way. However, any amount of movement of the opposite leg or of 
the body is permitted as long as  the body is maintained in an erect or near-erect posi- 
tion. Subjects a re  permitted to close their eyes at any time after assuming the correct 
body position. Subjects who violate the static foot requirement are stopped immed- 
iately, and number of seconds stood prior to the violation constitutes the trial score. 
Subjects begin the test on the leg of their choice. Subjects who require more than one 
trial on each leg (stand less than 30 seconds) a re  requested to alternate legs on add- 
itional trials in the interest of reducing fatigue. A perfect score on the first trial  is 
weighted 5, and a perfect test score of 150 (30 seconds x 5 trials) - credit for non- 
administered trials is given as for the SR test - is assigned; a perfect score on the 
second trial is weighted 4, and a score of 120 ( 30 x 4) plus the number of seconds 
stood on the first trial is assigned; a perfect score on the third trial is weighted 
3, and a score of 90 (30 x 3) plus the number of seconds stood on the two previous tests 
is assigned; a perfect score on the fourth trial is weighted 2, and a score of 60 (30 x 2) 
plus the number of seconds stood on the three previous trials is assigned, with Sub- 
jects requiring a fifth trial, tLe total number of seconds stood on the five trials be- 
comes the assigned test score. 
Walk a Line Eyes Closed (WALEC). Subjects undertake this test upon comple- 
tion of the SOLEC. The task consists of walking as straight as possible a 7-fOOt 
long line on the floop at a walking speed typical to the Subject, with arms folded against 
chest and feet tandem, heel-to-toe (shoes on). Trials during which the foot position is 
violated either by non-tandem alignment of feet or by toe not touching heel are not 
scored. A maximum of five nonscorable trials is permitted. Each scorable trial 
requires that the Subject walk the entire 7-foot distance. Subjects alternate their start- 
ing position from trial to trial. The number of inches of deviation from the line 
154 VOL 111 
(measured to the nearest inch from the center of the foot) at the end of its ?-foot length 
oonstitutes a trial score, and the total of the two bes trials out of three (be 
least deviant from the line) constitutes the test score, Subjects not meeting 
for scorable trials are scored as unable to perform (UTP). A major limitation of the 
WALEC procedure is that in  notably ataxic individuals the qualitative performance is 
often more deviant from normal than the individual's score would indicate. Hence, the 
addition of the WOFEC to the test battery, The WALEC appears to be as much or more 
a test of spatial orientation than of a test of ataxia. 
Walk on Floor Eyes Closed (WOFEC). This test and the WALEC are administered 
simultaneously. The task consists of walking as straight as possible five heel-to-toe 
steps beyond the first two starting steps. A maximum of five trials is asministered. 
The best three out of five trials constitute the score. The maximum test score 
obtainable is 15 (5 steps x 3 trials). 
Eyes Open Tests and the Classical Romberg. Subjects with unusually poor eyes- 
closed test performance scores a re  administered also the Classical Romberg (CR) 
test with eyes closed, followed by the eyes open versions of all test procedures, viz., 
SR E/O, SOLEC (R and/or L), WALEO, WOFEO, and CR E/O). 
The only modification of the NAMI procedure is reducing the linear walking 
distance from 12 to 7 feet to conform more to the spatial restrictions of the space 
vehicle environment. Studies at GDC ming only a five-foot by five-foot grid have 
demonstrated sufficient sensitivity to postural stability defects. Cinegraphic records 
and subjective comments will provide ancillary data. To implement the former, cine- 
cameras will photograph in both tangential and axial directions continuously during 
testing. The Subject will  wear stretch pants marked with longitudinal reflecting 
stripes to facilitate subsequent evaluation. EPO ratings on the factor of Test Subject 
Activity is good for EPO (g). It wil l  not facilitate the WOFEC and WALEC, and 
their eyes open equivalents, as the axial dimension of the test chambers is only four 
feet. (This, however, is not a severe constraint as walking tangentially wi l l  be the 
limiting direction in the space vehicle, entailing the greater Coriolis stresses. ) EPOs 
(i), (k), (kf ) and (m) are rated excellent. 
This experiment follows the same time profile as the other AGC vestibular and 
related tests, extended over 15 days with repetitions per Subject separated by approx- 
imately 24 hours. Maximum number of data points per repetition would be 12 points 
(predicated on an environment so hostile that CR and EO tests are required). If only 
EC are required, the total would be 10 points. Time per Data Point is 0.083 hours. 
Number of Data Points per Subject per experiment is 15 x 12, or 180. EPO ratings 
on time factors are the same as  for the previous experiments discussed. Measure- 
ment Environment discussion and EPO ratings are identical to the previous experiments, 
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s are frpoortt fo 
for experimentation, EPOs (i), (k), (kg ), and (m) are rated according to the same 
criteria detailed in Experiment 1-1. la 1" 
Astronaut Time per Data Point is 0 166 hours. Weight Fer Experiment\is 0.2 3 
lbs. Volume Per Experiment is 0.01 f t  . 
1-1. l j  Gastrointestinal Function (Motion Sickness) - The objective is to determine 
angular velocity tolerance and its g-sensitivity by measuring neurovegetative responses 
to sequences of headturns performed relative to the plane of rotation. 
1 
The experimental source reference for this study definition is the AGC. The mea- 
sured phenomena a re  the level of acute motion sickness severity and the effects on 
gastrointestinal activity associated with sustained interaction with the various levels 
of rotation due to sequences of orthogonal headturns. 
The vestibular system, characterized by delicate bilateral balance and with exten- 
sive articulations in the central nervous system, is easily disturbed. 
may be manifested by abnormal behavioral responses which not only fall into two distinct 
categories but also have curious functional relationships a The first category (sometimes 
identified as the V-1, for vestibular primary) includes those reflex phenomena evoked by 
cross-coupled angular accelerations when the head is rotated out of the plane 
of environmental spin, and revealed through systems which, under natural stimulus 
conditions, have functional articulations with vestibular receiving areas. Included 
in this category a re  the illusion of postural rotation, the oculogyral illusion, nystagmus, 
dizziness, and ataxia. The second category (V-11, for vestibular secondary) comprises 
epiphenomena superimposed on any manifestations of the first, when the unusual 
vestibular activity, presumably through facilitory-inhibitory processes, irradiates 
to cells or  cell assemblies not normally stimulated. In contrast with the V-I man- 
ifestations, which a re  few in number, the V-I1 signs and symptons are numerous and 
variegated. The initial V-I1 symptons involve the visceral nervous system and include 
sweating, flushing., and pallor due to vasomotor activity, drowsiness, a decrease or 
increase in salivation, and a host of symptomsgenerally referable to the gastrointest- 
inal tract although of central origin. 
symtom complexes, although rightfdly regarded as the most important because of its 
distressing and incapacitating features. Second- and third-order symptoms are evoked 
presumably via hypothalamic motorneurone activity releasing the pituitary hormones 
ADH and ACTH. A s  has been emphasized, the threshold of somatic outflow (V-I 
responses) is about three times as high as that of visceral nerve (V-11) responses. 
This suggests that the monitoring of the latter manifestations of rotational stress may 
The disturbance 
The nausea syndrome is but one of the many 
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provide relatively sensitive indicators of 
to the need to provide comparative i 
to given canalicular stimuli under 
based conditions, it is pertinent t 
to include determinations of neur 
Subject to possibly incapacitating motion sic 
n will provide 
relative to the 
Subject' s wellbeing. The fund 
or disturbances in either dige 
uptake of various substances 
blood. These substances wil l  appear in the feces and their levels in the blood and 
urine will  tend to be reduced. Rates of absorption and excr 
saccharide, xylose, have been found to be relatively co 
and can be reliably documented in pr ight baseline studies. Following ingestion, 
blood xylose level reaches a maximu in one to two hours and thereafter declines 
linearly to fasting values, reaching the latter levels in about five hours. Approxi- 
mately 65% of the ingested quantity of xylose is absorbed by the body, with the re- 
maining 35%, in all probability, being 
excretion by the kidneys with respect to plasma xylose concentration is a constant, 
with 40% of the compound being removed through glomerular filtration. Of the re- 
maining 60% of the plasma xylose, 20% is metabolized through a, pentose shunt with 
subsequent elimination as carbon dioxide and 40% is unrecoverable and is thought to 
enter the tricarboxylic acid cycle where it becomes part of the body non-carbohydrate 
pool. With the urinary excretion being a omstant percentage of the plasma xylose 
level, intestinal absorption in response to the physical enviro 
in the excretion patterns. 
of the pentose mono- 
rmal individuals 
obolized by normal intestinal flora. Xylose 
nt should be reflected 
The remote common-use pieees of equipment required are the specimen mass 
measurement de 
photometer, The common-us only of a refrigerator for 
short-duration storage ine and fecal speciments. Major instruments or apparatus 
(experiment-pecu als and xylose samples. The Subject Pre-Test 
State, excluding the first test of Phase I1 immediately following initial spinup, is 
that of undergoing prolonged rotation, but naive to each successive inertial environ- 
ment characterized by a given combination of rpm and g-level (radius). The Test 
Subject Aotivity consists of taking the prescribed xylose dosages and consuming the 
test meals on schedule, of ensuring that  all test-meal remains, urine, and feces are 
stored for processing when convenient, and of observing and reporting all required 
fecal characteristics, Immediately before starting the first task in the experimental 
program requiring repetitive headturns out of the plane of spin (e. g., the RATER Task), 
the subject consumes 25 grams of xylose dissolved in 250 ml of water, followed by 
ator, and the NBLMS spectro- 
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an additional 250 ml of water, One-hour urlng specimens a re  collected for each of 
the next five hours. Samples are refrigerated until a technician can perform a spec- 
trophotometric analysis for xylose on an aliquot of each sample. This procedure is 
followed aily for each Subject throughout Phases I1 and III. The only alimentation 
allowed for test subjects throughout Phases I1 and 111, other than the' xylose dosages, 
a re  the test meals containing accurately measured amounts of the various foodstuffs 
and dietary constituents. These are ingested at a specific time of the day. If any part 
of the meal is uneaten, it is saved for subsequent weighing on the specimen mass 
measurement device (SMMD) and recording. A t  each defecation, the Subject follows 
the prescribed procedure in observing and recording (on voice log) the fecal character- 
istics, including frequency, consistency, color, odor, and general appearance of the 
feces. Feces are  stored in air-tight plastic containers under refrigeration until they 
can be analyzed for wet weight (using SMMD), dessicated (using waste management 
dryer) and dry weighed. Aliquots of each dried feces sample a re  chemically analyzed 
post-flight. In addition to the fecal characterizations and running of the xylose tests, 
the Subject is required to record a s  a time-function any GI symptoms such as altera- 
tions in appetite or  tastes in food, flatulence, discomfort, heartburn, etc. 
Subject is also required to observe and record the time-relationship of any motion 
sickness signs or  symptoms using the NAMI scheme shown in Table 31 . The monitor- 
ing of these signs and symptoms is to be done on a convenience basis throughout Phases 
I1 and 111. 
The 
(Note: The use of endoradiosondes -- small ingestible capsules containing a miniature 
radiotransmitter to measure intestinal motility, pressure and pH is a fairly recent 
development which has shown considerable usefulness in the laboratory. The major 
problem is in determining the capsule location in the GI tract after it is passed through 
the stomach, the location being described relative to external landmarks and time- 
fixed from the moment of ingestion, Fluoroscopic examination in space is not feasible, 
and the use of tri-orthogonal antenna arrays requires considerable volume. The pre- 
sent laboratory procedure requires 3-4 hours of technical support. Although the 
endoradiosonde technique is still being considered for space flight, the above problems 
and the uncertainty of their near-term solution led to its exclusion from the present 
experiment definition). EPO ratings for Test Subject Activity a re  identical to those 
detailed for the previous vestibular experiments. 
The experiment's Total Time covers both Phase I1 and I11 (15 days maximum). 
Number of Data Points per repetition per Subject is the total from the xylose test and 
fecal evaluations. One xylose test is performed on each Subject per 24-hour period, 
providing five data points. Fredicated on two fecal samples per day and considering 
the chemical and physical characterizations as  one point each (They would probably 
contribute more information than that), provides two data points, for a total of seven 
158 VOL 111 
TABLE 32 
Diagnostic Categorization of Different Levels of Severity of Acute Motion Sickness 
Pathognomonic Major Minor Minimal AQS* 
Category 16 points 8 points 4 points 2 points 1 point 
Nausea Vomiting or  Nausea+ 11, I11 Nausea I Epigastric Epigastric 
Syndrome retching discomfort awareness 
Skin Color 
Cold 
Sweating 
Increased 
Salivation 
Pallor 1x1 Pallor I1 Pallor I Flushing/ 
Subjective 
warmth I1 
I11 IX I 
I11 I1 I 
Drowsiness 111 II I 
Pain Headache 
Central Dizziness 
Nervous Eyes closed I1 
System Eyes open I11 
Levels of Severity Identified by Total Points Scored 
Frank Sickness Severe Malaise Moderate Malaise A Moderate Malaise B Slight Malaise 
16 points 8-15 points 5-7 points 3-4 points 1-2 points 
(S) (M IW (M IIA) (M IIB) (M 1) 
*AQS = Additional qualifying symptoms. +III = severe or  marked, I1 = moderate, 
I = slight 
per repetition. Number of Data Points per Subject per total experiment is 15 x 7, 
or 105. The Subject Time for observing and recording fecal data and storing urine 
and fecal samples is one hour per day for a Time per Data Point of 0.14 hours. Time 
Factor ratings for EPOs are the same as for previous experiments. No time con- 
sideration is given for the rating of motion sickness symptoms as their occurrence is 
unpredictable. 
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easurement Environment EPO ratings for all factors are comparable to those for 
the previous canalic ar experiments and are detailed in 1-1.1 
The Experiment Objective Attainment EPO rating is the same as for the previous 
canalicular experiments described. Astronaut Time per Data Point includes the tech- 
nician's time for spectrophotometric analysis of urine samples for xylose content and 
the weighing and drying of fecal samples, and total 0.32 hours. Weight per experi- 
ment is 0.5 lbs. Volume per experiment is 0.01 f t  
9 
1-1.2 Neurophysiological Functions 
I-l.2a Neuromuscular Feedback Function - The objective is to determine angular 
velocity tolerance and its g-sensitivity by measuring neuromuscular feedback function. 
The Experimental Source Reference for this study definition is the AGC. The Measured 
Phenomena are  the ankle reflex gains during a variety of circumstances which alter 
the effectiveness of the ankle reflex control loop in maintaining postural stability. 
Testing and measurement of the deep tendon reflexes has long been an accepted 
area of investigation in neurophysiology. The primary importance of these reflexes 
and the multiple feedback loops subserving their function in maintaining postural 
orientation, and the possibility of their being affected by environmental rotation and/or 
hypogravitation render them deserving of early study during extended artificial gravity 
flight. No deterioration in  neural activity has yet been observed during manned space 
flights or in groundbased rotational studies, but possible alterations in muscle size 
and/or strength and alterations in vestibulo-spinal tone, for example, could effect 
changes in these postural reflexes that would significantly affect the crewman's func- 
tional capabilities. Therefore, testing and measurement of the deep tendon reflexes 
provides important criteria for judging the tolerability of various angular velocity/ 
g-level exposures. In doing so, it closely compliments the results of Experiment 
I-Lli on taxis. Additionally, it takes advantage of the unique environment of space 
which permits differentiating the various feedback inputs due to the altered vestibular 
and exteroceptive stimuli, Because of the inherent complexity of the multiloop control 
mechanisms employed to control postural orientation, quantification of neuromuscular 
feedback function is achieved by considering only a simple standing task and further 
simplifying the analysis by considering only control of forward and backward rotational 
motions of the body (termed body sway or body angle motion) about the ankle joint. 
A s  such. the study is closely patterned after the experiments on sensory feedback in 
human posture control performed by Nashner (1970). Body sway motion represents 
the critical mode in control of posture because of the inherently unstable character- 
istics of the erect human body. The goal of the postural control system in this simple 
task, therefore, is to assess the immediate status of body sway motion and generate 
appropriate ankle reaction torques to maintain stability. 
1 
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The ankle joint reflex is a classical example of the stretch reflex in its action to 
it body sway, Reflex control in both extensor and flexor muscles about the an 
joint resist changes is length through both mechanical a 
cesses, Sensitivities of the reflex responses, both in t 
and rate and magnitude of response, are regulated by spinal as  well  as higher centers, 
including cortical, cerebellar, vesti 
efferent enervation of the muscle sp  
to evaluate the reflex control loop as functioning with and without modulation by the 
higher centers. 
reticular, and cervical, through gamma- . The experiment described below is designed 
Common-use pieces of equipment include a hybrid computer facility to operate 
the experiments, collect data and store it on digital tape. Major Instruments or  
Apparatus (experiment-peculiar) is the experimental platform on which the Subject 
stands during experiments. The platform enables the experimenter to influence the 
control strategy of the Subject and permits him to probe the states of the postural 
control system with small transient disturbances. The platform performs two basic 
functions: 1) it measures ankle reaction torques and the body lean angle, and 2) it 
introduces sinusoidal and stepped rotational inputs to the ankle joints. The platform 
implements ankle torque measurements by using resistance bridges to measure diff- 
erential loadings between variable resistance force transducers at each of the plat- 
forms four corners. Body angle measurement is performed by a simple 2-potentio- 
meter and cable system, with two additional potentiometers, one on each hip of the 
Subject, nulling effects of vertical axis rotations. The platform is maintained on a 
member which is able to rotate about an axis colinear to that of the ankle joint. A 
hydraulic ram and servo valve control the angle of the force plate (platform) member, 
The Subject's Pre-Test State and the associated EPO ratings a re  identical with 
those of the previous experiments that succeed the 1-1. IC (RATER) experiment (with 
its sequences of habituating head-turns) in the AGC program. 1 
The Test Subject' s Activity is essentially a passive one and unchanged for the 
thirty-six runs making up a single experimental repetition, each run requiring 1.5 
minutes and followed by a 0.5 minute rest period, For each run the Subject stands 
relaxed on the experimental platiorm, arms folded above the wais t  and feet ten to 
twelve inches apart. The Subject' s knees are locked. He is asked to avoid shifting 
his stance during the 1.5 minute duration of each test run. The platform detects the 
Subject's reaction torques and his sway angle about the ankle joint. A hydraulic 
position servo allows rotation of the platform about an axis colinear with that of the 
Subject's ankle joint, The ankle stretch reflex is excited by small steps of the 
platform. 
step disturbance, initializes the torque and body angle readings, and stores the 
responses on digital tape. The direction of each step rotation is random about zero 
The experiment is controlled by a hybrid program, which initiates each 
- . n  
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platrorm angle. The time between steps is rando 
During each test m the Subject is asked to stand 
whichever is designated. To prevent fatigue, ea limited to eight step 
samples, or approximately I, 5 minutes, Three test runs are conducted for eac 
two step sizes (0.1 and 0.5  degrees) for each of six postural control conditions, o r  
thirty-six runs. The six postural control conditions are: 1) on rigid platform, eyes 
open, 2) on rigid platform, eyes closed, 3) platform that is performing small random 
low frequency rotatory mwillations, eyes open, 4) repeat with eyes closed, 5) on 
platform servoed to maintab zero ankle angle, eyes open, and 6 )  repeat with eyes 
closed. The random appearing platform disturbances are composed of six sinusoids: 
Radians per Second Amplitude 
0.1 lo 
0.15 lo 
0.21 lo 
0.29 0. 50 
0 
0.33 0. 50 
0.61 0.5 
0 
The maximum amplitude of the composite signal never exceeds 2 2 , with frequencies 
wel l  within the range of nominal postural responses. The reflex response amplitude, 
defined as the maximum ankle torque occurring within 80 to 125 milliseconds after 
initiation of the step disturbance, is determined for each step response for postural 
control conditions 1 through 4 (in 5 and 6 the platform is servoed to maintain zero 
ankle angle). Reflex gain is defined as fesponse torque amplitude divided by the ankle 
step size. A significant feature of the reflex control loop is the large increase in 
gain for disturbances of very small amplitude when testing normal Subjects under 
groundbased conditions. While gains for steps of 1/2 degrees, for example, are con- 
siderably below that necessary for postural stabilityo (1 ft-lb/degree versus about 
5 ft-lb degree), a five-fold increase in gain for 1/10 steps (.5ft-lb/degree) suggests 
that reflex control alone may fully stabilize the body for disturbances within this limit. 
The simplicity of the ankle reflex control provides the advantage of rapid response to 
posture disturbances, but it has the limitation of operating within the body reference 
frame, that of relative motion between body parts. From 0.1 to 0.125, steps 
(whether flexion or extension) the gain rapidly decreases from 5 ft-lb/ to approx- 
imately 1 ft-lb/ so that simple gain control from higher centers is required to fully 
stabilize body disturbances. Under groundbased conditions, when the supporting 
surface is rigid, ankle angle motion provides both the body and inertial reference 
information necessary for stability., On non-rigid surfaces inertial information is 
lost and the higher center sensory loops (eyes and vestibular organs) must mediate 
or  override the reflex responses to provide postural stability. In this experiment, 
postural conditions 1 and 2 provide a rigid plate platform, conditions 3 and 4 introduce 
0 0 
0 
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random ankle angle disturbances that tend to suppress reflex control, while conditions 
5 and 6 completely eliminate ankle position feedback, Steps of 0.1 and 0,5 do not 
and do respectively exceed the independent gain control of the ankle reflex, and the 
visual and nonvisual runs allow differentiation of visual from vestibular inputs. 
EPO Ratings for Test Subject Activity are the same as for Experiment I-1.1i 
0 0 
The 
1. 
The Total Time is 15 days, with an interval of approximately 24 hours between a 
given Subject' s repetitions. The Subject Time for a single repetition is 104 minutes 
(20 minutes setup, 72 minutes test, and 12 minutes cleanup). The minimum number of 
data points per repetition is 288, giving a Time per Data Point of 0.006 hours. The 
total number of Data Points per Subject per experiment is 4320. The EPO ratings for 
Time Factors are the same as  for the preceeding experiments, and the EPO ratings 
for the Measurement Environment are identical to those of the Taxis Experiment 
(1-1. li  ). 
1 
The Experiment Objective Attainment discussion and its EPO ratings are the same 
as  for Taxis Experiment )I-Lli ). Astronaut Time Per Data Point ' s  0.012 hours. 
Weight Per Experiment is 18 lbs. Volume per Experiment is 1.5 f t  . 1 B 
I-1.2b Human Transfer Function - The objective is to determine angular velocity 
tolerance and its g-sensitivity by measuring their effects on the human transfer func- 
tion involved in performing a tracking task. 
1 
The Experimental Source Reference for this study definition is the AGC. The 
Measured Phenomenon is the Subject' s compensatory tracking performance as indicated 
by the computer-generated record of the level of task difficulty to which it adapts. 
The Large Circular Tracking Experiment (1-1. ld ) requires major head and arm 
1 excursions to produce interaction with the environmental force field. In order to 
facilitate the large tracking envelope required for this task, an electromechanical 
device involving a turntable and target is employed with a corresponding requirement 
for simplification of task and performance output measurement. In contrast, a tracking 
task not requiring major head and/or arm excursions as part of its test regimen can 
be implemented using a CRT display. This  allows for several advantages, including 
a greater sophistication of task, a more complete monitoring of the Subject's total 
tracking response, and the capability for incorporating an adaptive element into the 
tracking format. (Adaptive tracking systems change their degree of difficulty auto- 
matically as a function of how w e l l  they are being performed, thereby ensuring f i t  
to the range of Subject skill and increasing the reliability and sensitivity of the task 
relative to a fixed tracking system. ) The human operator represents a control system 
element of complex and relatively unknown properties, and the effects of the artifi- 
cial gravity stresses imposed on him compound the complexity and unpredictability 
of his control response. While the previous experiments discussed under the category 
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of Angular Velocity Tolerance tend to focus on fundamental o r  relatively simple 
functional responses, information is required on the total operator control function as 
:in integrated unit of visual input, cognitive determination of appropriate response 
and manual implementation. This is an appropriate situation to utilize the control 
engineering methodology of describing an unknown control system in terms of its 
input-output relations. Control engineers treat such items by describing the e l q e n t '  s 
transfer function, that is, the Laplace transform of the ratio of its output to its in- 
put. If the input selected is that of a well-designed tracking task, the determined 
transfer function wi l l  represent a fairly complete system-equalization checkout of 
the crewman. A CRT tracking task facilitates the computerized target inputs and 
output data collection required to support the calculation of a meaningful transfer 
function. 
The common-use equipmedts include a restraint chair, and a data management 
system that provides both stimulus control and data handling. Major Instruments or 
Apparatus (experiment-peculiar) include the CRT and its associated electronics, the 
program control and test status signal lights, a single axis hand controller, and a 
" 
supporting frame for integrating these items with the restraint chair. 
The Subject Pre-Test State is that of undergoing prolonged rotation and having 
demonstrated vestibular habituation to the immediate rotation/g-level environment as 
indicated by the preceding conduct of the more fundamental experiments described 
previously. This experiment is conducted, therefore, subsequent to the repetitions 
of the 1 4 . 1  (Vestibular) tests at each inertial level to determine if angular velocity 
intolerance is manifested more subtly than can be demonstrated by the 1-1.1 psycho- 
physical and sensorimotor tests. The EPO ratings for this factor a re  the same as 
for the I-l.ll tests. 
1 
The Test Subject Activity requires that he perform five one-minute trials of an 
adaptive single-axis compensatory tracking task while seated in the restraint chair. 
In contrast to the Large Circular Tracking Task' s pursuit requirement (the Subject 
must attempt to keep the stylus head positioned on the moving target), this task is of 
a compensatory nature, requiring that the Subject attempt to keep the target centered 
on the reticle against an input error-rate forcing function. The input function is 
generated by the data management system, which also adapts the difficulty of the task 
to maintain a constant level of performance by the test Subject. The score, therefore, 
is a computer-generated record of the level of task difficulty adapted to, rather than 
the usual root mean square error. Each repetition consists of five one-minute track- 
ing trials separated by thirty-second rest periods. A test stiotus signal light indicates 
hand controller and concentrate on control of the target. 
dicated by status lights, with the trial intervals being automatically programmed. 
ready' five seconds before scoring is initiated to allow the Subject time to grip the 
Start' and stop' are in- 
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1 ratings for the Test Subject Activity factor are the same as for all of the I-Ll 
c a n a ~ ~ ~ ~ a r  tests, 
e test is performed at 24-hour intervals for each Subject throughout Phases I1 
f the AGC mission profile, for a total time of 15 days. Based on a single 
transfer function determination for each repetition, calculated from an average 
output-input ratio for the five trials, the Number of Data Points per Subject per 
experiment is 15. Total Time per repetition is 35 minutes (15 minutes setup, 10 
minutes test, 10 minutes cleanup), for a Time per Data Point of 0.58 hours. EFQ 
ratings for Time Factors is the same as for the 14.1 tests. Measurement Environ- 
ment discussion and E PO ratings are the same as the 1-1.1 tests and are  detailed in 1 
1 
1" 
1' The Experiment Objective Attainment EPO ratings are the same as for 1-1. la 
Astronaut Time per Data Point i 1.16 hours. Weight per Experiment is 15 lbs. 
Volume per Experiment is 0.8 f t  a 
3 
Sleep Assessment - The objective is to determine angular velocity toler- 
g-sensitivity by measuring their effects on sleep patterns. 
The Experimental Source Reference for this study definition is the AGC. The 
easured Phenomena are  the characteristics of the sleep state as indicated by subjec- 
tive evaluations and EEG, EOG, EMG and HR information. 
e marked sensitivity of the central nervous system functions to environmental 
ion of the tolerance of various artificial gravity states. 
renders direct assessment of brain function an important parameter in the 
The changes in sen- 
sory input due to hypogravitation and the physiological stresses of the rotational en- 
v i ~ ~ n ~ e n ~  may result in alterations of the normal sleep pattern, degrading the over- 
~ i u ~ ~ a ~  cycle. Thus, this experiment involves an important interface with the habit- 
ability experiments. It also provides additional insight into the mechanisms of central 
nervous system activity. 
B fu~ction of the crewman and/or requiring extension of the sleep phase of the 
Sleep d~f~iculties have been present on most U. S.  and Russian spaceflights. 
ems have taken the form of: 1) difficulty falling asleep during certain scheduled 
time course of sleep; and 3) fatigue due to the above and mission demands. Recourse 
has been made to pharmaceuticals both to induce sleep and to stimulate alertness in 
the face of fatigue due to sleep deprivation. The probable causes of the sleep difficulties 
e unfamiliar environment for sleep; 2) arousal effects of responsibility 
These 
periods of the mission; 2) restlessness, frequent awakening, and abnormal depth- 
danger; 3) task demands of the missions; 4) positive excitement inherent 
in the mission; 5) sleep-wakefulness schedules noncoincidental with the astronauts 
165 
es; and 6) disturbances due to non-si 
search has shown that the primary 
are: 1) lapses, short periods when performance stops or falt 
self-paced tasks; and 3) loss of accuracy in work-paced tas 
tend to increase such impairment include: a) longer task duration; b) greater sign 
and response uncertainty; e) less knowledge of results, interest, and incentive; and 
d) greater monotony, 
While groundbased hypodynamic studies suggest that hypogravitation might be 
occasioned by a requirement for less sleep, and by a reduction in the REM phase of 
sleep (with the possible associated degradation in behavioral stability), the limited 
studies in space have not borne this out. Considered as a group, groundbased arti- 
ficial gravity studies a re  equivocal as  to sleep effects, but in  light of recent evidence 
that the vestibular nuclei are  the source of the REM associated with the possible 
indisposable paradoxical' sleep, some relationship might be expected. In this res- 
pect, some studies carried out at rotation rates as low as 1 to 2 rpm have demonstrated 
reductions in the depth of sleep, and at higher rpm levels there is some evidence that 
sleep improves as  habituation to environmental rotation improves. Due to the criti- 
cality of sleep to the total wellbeing of the crewman, spacebased experimentation must 
be performed to define sleep quality as  a function of various combinations of rotation 
and g-level, Baylor University has pioneered the recording of EEG data from propula- 
tions of astronaut candidates and from astronauts in space flight. UCLA Space Bio- 
logy Laboratory has pioneered psychophysiological test methods for evaluation of 
physiological monitoring systems in unrestrained subjects. Baseline data obtained 
from fifty astronaut candidates have been analyzed in the UCLA Space Biology Lab- 
oratory. Parameters calculated included auto-and cross-spectral density at each 
scalp lead for individual Subjects and for groups of Subjects. Automated pattern 
recognition techniques applied to these data have successfully identified a range of 
states of consciousness with accuracy in excess of 90 percent for individual Subjects. 
There is a close relationship between the electric brain waves recorded on the scalp 
and waves generated by individual nerve cells. There are  also fine correlates be- 
tween patterns of surface brain waves and behavioral states. The EEG recording on 
Gemini VI1 is probably the most complete study yet made during orbital flight in 
terms of number of channels, length of recording, and variety of subject activity and 
states of consciousness. The equipment and procedures proposed for Skylab M132 
represent a dramatic improvement on their Gemini counterparts and are  the models 
for this experiment methodology. -The EOG, cervical EMG and temporal pulse rate 
provide ancillary data that significantly improve the meaningfulness of the EEG 
traces. 
The common-use pieces of equipment include a Signal Conditioning Assembly con- 
taining post-amplifiers and pulse shaping circuitry as well as multiplexing networks 
to prepare signals for the tape recorder, and a Tape Recorder Assembly. Major 
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Instruments o r  Apparatus (experiment-peculiar) consists of a Cap Assembly, This 
ia, a cap containing 7 EEG electrodes, 2 EOG electrodes and 2 EMG electrodes as well  
as a microphone and a blood pressure transducer that provides a temporal pulse rate, 
The cap also contains signal preamplifiers to provide millivolt signal levels at low 
impedances. 
The AGC protocol suggests that each Subject be monitored for each sleep episode 
during Phase I1 and Phase 111. Each astronaut Subject is monitored for two hours in 
the awake state just prior to the eight-hour sleep period, The required Subject Pre- 
Test State, is that of undergoing prolonged rotation but naive to each successive in- 
ertial environment characterized by a combination of rpm and g-level (radius). For 
EPO ratings for this factor, see test 1-1. la 1' 
Test Subject Activity consists of applying and handling the electrode cap and 
checking the data acquisition system for proper function. In applying the cap assem- 
bly, it is necessary for the astronaut to activate the electrodes and place the cap on 
his head, both straightforward procedures. Monitoring the data acquisition system 
is done by an audio tone generator which produces a wobbling note when data is going 
onto the tape recorder, the Subject being trained to recognize the tones associated 
with noise artifacts and loss of signal. This check is performed at the beginning and 
end of each recording session. A l l  EPOs are rated excellent on this factor. 
The experiment Total Time is 15 days, and the Interval between repetitions is 
approximately 24 hours. A s  only five minutes are required to don and doff the cap 
assembly and only 10 minutes per day per  Subject is required for  maintenance of the 
data acquisition system, the Time per Data Point is negligible. EPO ratings for Time 
Factors and Measurement Environment are  the same as for Experiment I-1.la 
Experiment Objective Attainment, EPO (8) is rated poor as it provides only one 
orientation for sleeping at each rpm, while EPOs (i), (k), (k? ) and (m) are  rated as for 
1-1. 2bl. Astronaut Time per Data Point if negligible. Weight per Experiment is 
5 lbs. Volume per Experiment is 0.08 f t  . 
For 
1. 
1-1.3 Higher Mental Functions. Motion Sickness 
- I-l.31 Higher Mental Functions - The objective is to determine angular velocity 
tolerance and its g-sensitivity by measuring their effects on higher mental functions 
such as attention, memory, vigilance and problem-solving. 
Some of the characteristic accompaniments of motion sickness are lassitude, 
drowsiness and general apathy toward the tasks at hand. These aspects manifest 
themselves early in motion sickness development and may persist and worsen if  
warranted by aggravating stresses. 
tion, of categorical sensory suppression mediated by the reticular formation, 
The early causation may be one, or a combina- 
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somnolence due to vestibular irradiation to the hypothalamus or an emotional rejec- 
tion of the hostile environment* ~ i t h  t e appearanc 
sickness, hormonal and biochemical imbalance may 
tasks involving appreciable motor activity may in themselves 
vous system arousal. sufficient to negate any performance decrement, cognitive tasks 
with a decreased motor element may be susceptible to such degradation. Collectively, 
groundbased perrotational study results are equivocal as to the effects of environmental 
rotation on higher mental functions. However, in some of the studies cognitive and 
perceptual-cognitive tasks have been degraded, and there is evidence that similar 
affects have occurred during manned space flights, associated with the motion sickness 
constituting the agravic syndrome. In any event, the vital importance of the cognitive 
functions requires that they be incorporated i n  any experimental battery employed to 
delimit the angular velocity tolerance envelope. 
The Experimental Source Reference for this study definition is the AGC. The 
Measured Phenomena are the Subject's state of central nervous system arousal and 
his performance level on each of four different psychomotor tasks involving attention, 
vigilance, short-term memory and problem solving. 
The common-use equipments include a restraint chair, and a data management 
system that provides both stimulus control and data handling. Major Instruments or 
Apparatus (experiment-peculiar) include the CRT and its associated electronics, the 
program control and test status signal lights, the RATER, two edgewise panel meters, 
response switches, and a supporting frame for integrating these items with the re- 
straint chair. 
The Subject Pre-Test State is that of undergoing prolonged rotation and having 
1 completed an habituation headturn sequence in lieu of having completed the 1-1. IC 
RATER Test with its required headturns 
The requirement is that the Higher Mental Function tests be conducted folbwhg a 
session of head movements with environmental rotation such that opportUni& for  
nominal manifestation of motion sickness is that specific force environment be 
maximized. The EPO ratings for this factor are the same as for the 1-1.11 tests. 
in that particular rpm/g-level environment. 
The Test Subject Activity consists of applying and handling the electrode cap used 
in Experiment I-1.2~ and performing the battery of four tasks during each experimental 
repetition. The EEG recorded during the performance of the tasks provides a physio- 
logic measure of central nervous system arousal. The four tasks making up the test 
battery are the RATER task (operated in the delay mode to test short-term memory), 
the Perceptual Speed task (testing attention), the Time Sharing task (testing vigilance), 
and the Arithmetic task (testing problem-solving). The M T E R  is the same device 
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used in Experiment I- s IC, with some modification in mode of operation. Instead of 
four colors being randomly displayed, four symbols (diamond, triangle, cross and 
circle) are displayed, without collimation. The auto-paced presentation mode is used, 
with a delay mode option superimposed. Whereas in Experiment 1-1. IC, the delay 
mode w a s  zero (requiring that the Subject respond to the color being displayed), i n  
this experiment, a delay mode of 1, 2, 3 or  4 is used (requiring that the Subject re- 
spond to the geometric symbol shown 1, 2, 3 or 4 displays previously), placing a re- 
petitive demand on the Subject! s short-term memory. In selecting the sensitivity 
range for testing of each Subject, the auto-pace rate is slowed to allow maximization 
of the delay mode so that short-term memory is more heavily weighted than perceptual- 
motor skill. No headturns are involved in the test and the repetition consists of five 
30-second triais separated by four 30-second rest periods. Status lights signal ready', 
I start' and stop! for each trial. 
continuously monitor two horizontal edgewise panel meters (positioned left and right 
within approximately 60 of visual angle) a s  a series of readings are simultaneously 
presented on each. If the readings are the same, he presses a left-hand microswitch 
labeled "Sf f .  If they a re  different, he presses a right-hand microswitch labeled I'D'!, 
If his choice is correct, the next readings are presented; i f  it is not correct, an 
e r ror  is recorded and he must make the correct response. He is scored on the total 
time and total number of errors required to process 24 sets of readings. The Time 
Sharing task utilizes the same panel meters with a different format. 
quires that the Subject monitor both meters continuously to detect the onset of pointer 
movement in one o r  the other. When movement occurs, the Subject presses the 
corresponding microswitch (lefthand or  righthand). A timer begins when either pointer 
begins to move and stops when the correct switch is pressed. Score is accumulated 
response time required to process 24 events. The Arithmetic task requires that the 
Subject solve a sequence of randomly-presented arithmetic problems. Each problem 
consists of two two-and/or three-digit numbers being displayed on the CRT with a 
sign indicating whether addition, subtraction, multiplication o r  division is to be per  
formed. 
with the answer, the Subject enters it using an alphanumeric keyboard, at which time 
the next problem is displayed on the CRT. Score is the total correct problems for a 
15-minute repetition, EPO ratings are all excellent for Test Subject Activity. 
The Perceptual Speed task requires that the Subject 
0 
This task re- 
The Subject is supplied with pad and pen for calculation. When satisfied 
The Total Time is 15 days, with an approximate 24-hour interval between a 
Subject' s repetitions. Excluding the EEG data (as time for setup and cleanup are 
insignificant relative to the number of data points produced), the total number of data 
points per repetition is six (2/RATER, 2/PS, l/TS, and 1/A) for a total Number of 
Data Points per Subject per experiment of 90. Time to perform one repetition is 1.2 
hours, requiring a Time per Data Point of 0.20 hours. EPO ratings for TTme Factors 
and Measurement Environment are the same as for 1-1. la 
1' 
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The E ~ e r i m e n t  ratings are the same as for 
per D a h  Point hours. Weight per Experi 
1-2.0 Tolerance to Rapid Change in Rotation - One means of isolating docking 
facilities, scientific zero-g experiments, and target pointing modules from rotating 
crew-living-quarters is to provide future space vehicles with both a nonrotating and a 
rotating section. An important sequence of this configuration is that the crew would 
be required to transfer frequently from the rotating to the nonrotating environment and 
back again if they are to benefit from exposure to artificial gravity, and still be able 
to carry out their experimental and operational tasks in zero-g. Depending upon the 
hub constraints, the inertial transition might be effected by rotating the hub into and 
out of synchrorry with the artificial-$ volume (passive execution), or the hub kept 
space-fixed (in zero-g) and the transition effected either by crew locomotion (active 
execution) or by use of an intermediary variable-rotating device (passive execution). 
These operational considerations raise pertinent questions that must be answered 
prior to the initial artificial gravity station design, The problem areas involved, 
whether execution is passive o r  active, may be categorized as to their phase of 
occurrence: (1) Transfer Phase - the immediate problems of effecting the physical 
transfer across the inertial interface, (2) Zero-g Phase - crew function problems in 
the nonrotating environment that may be related to prior rotational habituation, and 
(3) Artificial-g Phase - crew function problems in the rotating environment following 
return from a zero-g volume and related to loss of perrotational habituation. Nearly 
all of the large number of groundbased rotational studies that have been performed 
have been concerned to some degree with the psychophysiologic effects of activities 
in either the nonrotating and/or rotating environmental mode following graduated 
(non-square wave) passive transition from one mode to the other. Only one study, a 
pilot experiment recently performed at GDC, involved square-wave inertial transfers 
(Subjects locomoting abruptly across the interface separating rotating and non- 
rotating volumes). Based upon these groundbased studies, certain relationships are 
identifiable. One is that the magnitude of the effects for the nominal Subject tend to 
be directly related to three factors: (1) intensity (A@) of the inertial change, (2) dura- 
tion of habituation to the preceding mode, and (3) rate of transfer across the interface. 
However, other relationships demonstrated in groundbased studies are in conflict 
with these observations. It has been convincingly shown that if sufficient perrotational 
habituation occurs, e. g., by the requirement that sequences Qf repetitive orthogonal 
headturns be performed, that rapid transitions from high rates of rotation to non- 
rotation can be effected with only trivial and sometimes nil untoward vestibulogenic 
responses. This is not true of the non-vestibular proprioceptive responses, which 
tend to be consistently inappropriate following transition as a direct function of the 
magnitude and duration of the previous environmental interaction. It is seen, therefore, 
that groundbased studies indicate that personnel functional decrements may occur 
following inertial transition, persisting until sufficient environmental interaction 
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occurs to promote satisfactory habituation. Also, all the results of ground based 
udies are contaminated by the geogravitational artifact, Ther re, spacebased 
research on inertial transition effects is required to determine the degree to which 
analogous groundbased study can be used as a basis for manned artificial gravity 
design and operation. Not only the relative changes in astronaut effectiveness as a 
function of transition must be determined but also the duration and rate of recovery 
from any decrements in crew capability, so that realistic time lines for performance 
of tasks can be established. 
1-2.1 - Theobjec- 
1.. tive is to determine the crew tolerance limits for rapid, passively-executed changes 
in  rotation rate as  a function of both the magnitude and the frequency of change. 
The Experimental Source Reference for this experiment definition is the AGC. 
The most critical aspects of inertial transition wil l  be the resultant level of both vest- 
ibular and non-vestibular habituation to the post-transfer environment: Wil l  the 
Subject be ataxic to a degree affecting his ability to locomote o r  otherwise be effect- 
ively mobile following transition? Having translatcd to a work station, will the Sub- 
ject be fully capable of performing a display/control task requiring headmovement and/ 
or  reach accuracy? What wil l  be the level of vestibular habituation to the posttransfer 
environment, with all this implies from a functional standpoint? Considering these 
a s  implying functional criteria, the Measured Phenomena for this experiment are the 
Subject' s response levels in  a whole-body mobility task, in  a perceptual-motor task 
requiring head movements and reach accuracy, and in a task to determine the degree 
of ve s tibulo -ocular habituation. 
The common-use pieces of equipment involved are a restraint chair, the Subject's 
pressure-suit, a voice log, 2 video cameras and a data management system. Major 
Instruments or Apparatus (experiment-peculiar) include the equipment for the FATB 
task Experiment 1-1. li the equipment for the Experiment 1-1.3 U T E R  task (modi- 
fied to facilitate deployment of the response buttons so as to require a reach envelope 
of 85 ), and the equipment for the Experiment I-1.la (see Vol. 11) combined OGY/ 
Habituation task. 
1' 
0 
3 
The Subject Pre-Test State, as implied for the inertial transition experiment in 
Phase VI of the AGC mission profile, is complete habituation to nominal rotation by 
having undergone nearly two months of continuous rotation at various rates including 
42 days of 0.5  g at maximum radius. Ratings for this factor are fair for EPO (8) 
(although habitability can be maintained indefinitely by using a brief logistic stop every 
twelve hours, two months in the social isolation and the limited volume raise questions 
as to the validity of the test data) and excellent for EPOs (i), (k), and (k'). EPO (m) 
is de-rated to good due to its 15 day maximum deployment. 
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The Test Subject Activity consists of performing a complete or shortene 
frequency of transition) testing sequence imrned ly after the execution 
1 transition. The complete testing Sequence, rmed in the f o ~ ~ w i n g  
order, consists of the I 
gravity replaced by the timed donning and doffingof the Subject' s pressure suit), the 
modified 1-1.3 RATER task, and the 1-1. la (See Volume 11) combined habituation 
headturn sequence and sharpened QGY, d e  shortened testing sequence consists only 
of the sharpened OGY, a modified FATB (in null-g, a modified donninddoffing test), 
the habituation headturn sequence, and a final sharpened OGY. On Day 1 of Phase VI, 
the Subject performs the complete sequence at  maximum radius and 3 rpm, then moves 
directly to the hub where he is counterrotated to null-g within a few minutes. He then 
performs a repetition of the complete testing sequence (substituting the pressure- 
suit donning and doffing exercise for the FATB because of null-g). 
synchronized with the rotating station and the Subject proceeds to the maximum 
(64-feet) radius again and performs a second repetition of the complete testing sequence. 
The transition cycle is repeated once more, with two more testing repetitions, one 
at null-g and a final repetition at  64 feet and 3 rpm. The mobility tests (FATB and 
donninddoffing) are video-taped simultaneously from two orthogonal axes. Ancedotal 
comments by Subject a r e  voice-logged. If the Subject reaches a Moderate Malaise A 
level of acute motion sickness (cf.I-l.lj diagnostic table) at any time during the pro- 
Day 2 of Phase VI, the Subject performs five transition cycles, with the shortened 
testing sequenee being used because of the time constraints. (The modified FATB 
consists of 3 trials each of standing - EO and EC, and walking - EO and EC. The 
donninddoffing procedure is shortened. ) The shortened testing sequence is performed 
eleven times, five in zero-g and six at 64-ft. and 3 rpm. The entire two-day procedure 
is then repeated at 5 and 6 rpm, on Days 3 and 4 and Days 5 and 6, respectively. EPOs 
(g) & (i) are rated excellent and EPO (m) rated fair for this factor. (The first two can 
be cycled up and down and the latter has a low enough inertia so that multiple spin 
up/down may be accomplished with reasonable propellant expenditure). EPOs (k) and 
(kf ) are rated poor because they have no counter-rotated akea and a r e  not readily 
spun-up or  de-spun with rapidity o r  frequency. 
a sharpened (two-head~rn) QGY, the kl.1i FATB (in 
The hub is then 
cedure, further testing is postponed un i! 11 distress has subsided to the next level. On 
The Total Time of the experiment is six days. Since the effect on Subject func- 
tion is considered in the largest sense to be a function of the total diurnal schedule of 
inertial transitions, the interval is considered to be 24 hours -the period between 
the start of daily testing schedules. The average number of data points per testing 
day (not including subjective and video-taped information) is 161. The average testing 
day is 8.8 hours for a Time per Data Point of 0.055 hours. The Total Number of 
Data Points per Subject per experiment is 966. EPO rating for this factor is good for 
EPO (g) (it only requires two logistic stops each 24 hours). EPOs (i), (k), (k') and 
(m) a re  rated excellent. 
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The g-level range designated by the AGC is from 0 - 2  to 0,7 While the g-level 
is not as critical a factor i n  this experiment a s  the angular velocity, the short radius 
of EPO (g), is such that at spin rates of 3 through 6 rpm, the g-level at the Subject's 
c, g. is less than 0.1, invalidating the data from the FATB. This EPO is rated poor 
on g-level, EPOs (i) and (m) are  rated fair following the same reasoning, while 
E POs (k) and (k' 1 are rated excellent. The g-gradient ratio discussion is the same 
as described for I-1.1a except that shorter radii must be used for EPOs (g), (i) and 1 
(m). These are rated as: EPO (g), poor; EPOs (i) & (m), fair, and; EPOs (k) & (k9) 
excellent. The angular velocities required by the AGC report are 3, 5 and 6 rpm. 
A l l  EPOs are  rated excellent i n  this respect. 
2 
An Angular Acceleration of 0.1 radiadsec for passive transition is satisfactory 
and well  within the capability of EPOs (g), (i), and (m), which consequently are rated 
excellent. EPOs (k) & (k' ), without counterrotation, rate unacceptable. For Experi- 
ment Objective Attainment, EPO (g) is rated fair (it is excellent as to rpm provision, 
but poor on g-level and only fair on habitability for the period required by the AGC). 
EPOs (k) and (k') a re  unacceptable because of low despin rate, limited cycle capacity 
and no counter-spun area. EPOs (i) and (m) are  rated excellent and good respectively 
a s  they appear to cover most of the requirements of the experiment with somewhat 
greater flexability appearing in E PO (i). 
Astronaut Time per Data Popt  is 0.11 hours. Weight per Experiment is 20 lbs, 
Volume per Experiment is 5.5 f t  , 
1-2.2 Tolerance to Rapid Changes in Rotation (Actively-executed) - The objective 
1 is to determine the crew tolerance limits for rapid, actively-executed, changes in 
rotation rate as  a function of both magnitude and frequency of the change. 
The Experimental Source Reference for this study definition is the AGC. The 
Measured Phenomena are  the same as for 1-2.1 A s  discussed in the 1-2.1 text, an 1" 1 active inertial transition effected by crew locomotion is one of the primary options 
to be considered in the design and operation of space vehicles incorporating rotating 
and nonrotating (space-fixed) volumes simultaneously. Almost no groundbased re- 
search has been dedicated to the study of such an operation and its effects on post- 
transfer crew function. The only knarwa study, a pilot investigation conducted at GDC 
involving two Subjects and a single spin rate of 2 rpm, supports suggestions that such 
operations at higher spin rates might be significantly disturbing to psychophysiologic 
function. At any rate, not only additional groundbased study, but also substantial 
space-based research, is required to define the effects on crew function of such abrupt 
changes in inertial environment. This experiment is identical to 1-2.1 , with the 
across the interface between the two inertial volumes rather than being passively 
spun-up and spun-down relative to space-fixed coordinates, 
exception that the inertial transition is actively executed by the Subjec t? locomoting 
VOL Il l  173 
Changes relative to 1-2.11 Test Subject AC vi@ consist of the Subject loeomoting 
across the inertial interface, with videocameras taping orthogonal views of the trans- 
ition being performed, EPO ratings for this factor are unacceptable for EPOs (k), (kr ) 
and (m) (none of the three allow active transition) and excellent for EPOs (g) and (i) 
(both of which facilitate active transition). Time Factors are identical to 1-2.1 , as 
1 are the Measurement Environment (with the exception that angular acceleration is NA). 
For Experiment 0 b jective Attainment: EPOs (k), (k' ), and (m) are itnacceptable 
(none facilitate active transition), E m s  (g) and (i) are rated fair and excellent re- 
spectively. 
1-3.0 Effects of Partial Gravity on Body Function 
1-3.1 Cardiovascular System 
1-3.la(l), Electrocardiogram - The objective is to determine changes in the ac- 
tivities of the heart as a function of prolonged exposure to partial gravity by recording 
the scalar sum of the action potentials of the myocardium as  a function of time. 
The Experimental Source Reference for this study definition is the AGC. The 
measured phenomenon is the time-rate of fluctuations of the scalar sum of the action 
potentials of the myocardial fibers as transmitted to the surface of the body by the 
body fluids acting as a volume conductor. 
Evidences of cardiovascular deconditioning have been observed in post flight 
tests on most American and Soviet space crewmen. The deconditioning is manifested 
primarily as a reduction in orthostatic tolerance during provocative testing by either 
lower body negative pressure (LBNP) and/or passive vertical tilting. In addition, 
decrements in exercise tolerance have been noted, probably of cardiovascular origin, 
: s  well as decreases i n  plasma volume. Most of the observed changes were  antici- 
pated from water immersion and recumbency simulations of weightlessness in normo- 
gravity and can generally be explained on a physiological basis. However, in up to 42 
days of bedrest, 7 days of complete water immersion, and 14 days of weightlessness, 
the electrical activity of the heart has remained within a normal range. Prolonged 
weightlessness o r  even partial gravity may, nevertheless, produce changes in the 
cardiovascular system that are  prejudicial to the well-being of the crewman either 
while in space and/or upon return to terrestrial life. 
may be one way of detecting these changes. No actual groundbased research can 
duplicate zero-g o r  hypogravity, therefore research in space is required. It is 
assumed by a large n u m b r  of researchers in the field of cardiovascular physiology 
that anything less than one-g is an abnormal condition and therefore stressful. The 
fact may be instead that it is a situation of minimal stress. It should be noted that SO 
far the extrapolations from positiveand negative-g groundbased experiments to the 
zero-g condition have not been reliable. It is essential, therefore, that in addition to 
the collection and collation of cardiovascular data from astronauts in the weightless 
The electrocardiogram (ECG) 
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state, that the same parameters be studied during partial gravity. The correlation of 
cardiovascular responses of the same individuals to extended e 
partial-g, as well as 1 g, will not only provide basic scientific 
support reliable estimates of the chronic level of artificial gravity required to prevent 
significant cardiovascular deconditioning. 
Common-use equipment include the restraint couch used in a litter position and 
a data management system with provisions for conversion of analogue signals to digi- 
tal storage. Major Instruments or  Apparatus (experiment-peculiar) include dual two- 
lead ECG bioelectrodes with signal conditioners. One set of Trans-Thoracic elec- 
trodes is attached in the Subject's mid-axillary plane, the other in his mid-sagittal 
plane. 
The Subject Pre-Test State is perrotational habituation but lack of habituation to 
a partial gravity characterized by no more than two hours of each twenty-four at 
other than 0.4 to 0.6 g. The orbiter roll mode is assumed to apply for all EPOs so 
that all are rated excellent on Pre-Test State with the exception of EPO (g), which 
has restricted volume for long term occupancy and is de-rated to "good'f. The Test 
Subject Activity is entirely passive. He rema,ins recumbent while a technician 
attaches electrodes and records the ECG. EPO ratings for Subject activity are all 
excellent. 
The Total Time Df the experiment is 42 days. The ECG must be recorded not 
less than every time the LBNP experiment is conducted (14 times during the 42-day 
duration), for an Interval of 3 days. Because of the amount of diagnostic information 
inherent in the ECG, the Time per Data Point is negligible (total repetition time is 
0.5 hours). The Total Number of Data Points per Subject per experiment is not fixed. 
EPO ratings for this factor are fair for EPO (g), due to the extended duration of the 
experiment and the small volume, and excellent for other EPOs, the same as Ex- 
periment 1-1. la 1' 
The AGC Measurement Environment requires from 0.4 to 0.6 g for at least 22 
hours of each day. Ratings for this factor are excellent for all EPOs. The g-gradient 
Ratio a-nd rpm ratings are excellent for all EPOs considering that the Orbiter roll mode 
would probably be used for this experiment. The rpm requirements a re  implied by 
the AGC to be in the nominal range of approximately 4.5 to 5.5. Angular Acceleration 
is not applicable. 
Experiment Objective Attainment is considered excellent for all E POs except 
EPO (9) which is de-rated to fair on the basis of Time Factors. 
J-3.1a(2)1 Vectorcardiogram (VCG) - The objective is to determine changes in 
the activities of the heart as a function of prolonged exposure to partial gravity by 
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recording the vectar sum of the action potentials of the myocardium as a function of 
time e The Experimental Source s study definition is the AGC, The 
Measured Phenomenon is the time-rate of change of the vector sum of the action 
potentials of the myocardial fibers as projected onto the surface of the body at the 
si*es of the applied electrodes. 
The same discussion and justification for Experiment 1-3.la(l) (E CG) applies to 
1 the VCG experiment, with the latter providing some functional information not readily 
apparent in the ECG. Much of the previous ECG Experiment discussion is identical 
to the VCG's. Only those factors that are  different are discussed below. 
Major Instruments or Apparatus (Experiment-peculiar) - The VCG measurement 
system consists of an electrode harness assembly (with eight electrodes), a Frank 
VCG resistor network, an automxtic calibration system, and three ECG signal con- 
ditioners. The Frank lead network is used to minimize the n u d e r  of electrodes re- 
quired, consistent with qierating stability and reduction of noise and motion artifacts. 
Five electrodes a re  arranged in a transverse plane at the axillary midline on the left 
and right lateral chest, sternum, back and the left anterior chest wall, respectively. 
A sixth electrode is placed at the back of the neck and the seventh at  the mid-posterior 
waistline. A common electrode is normally used on the right anterior chest wall. 
Time Factors: The AGC requirement is for a VCG on eachSubject three times 
during the 42-day Phase IVY for an Interval of approximately 20 days. One hour is 
required for setup, cond t and cleanup. Weight per Experiment is 5.2 lbs. Volume 
per Experiment is 1.08 f t  . 9 
I-3.lb Blood Pressure (BPI - The objective is to determine changes in cardio- 
1 vascular response as a function of prolonged exposure to partial gravity by recording 
the indirect blood pressure. 
definition is the AGC. The Measured Phenomena are the systolic and diastolic blood 
pressures as  measured indirectly from the brachial artery by using the Riva-Rocci 
principle, which requires simultaneous acquisition of the pressure inside the sphy- 
gmomanometer cuff and the state of the arterial blood flow underneath or distal to 
this cuff. 
The Experimental Source Reference for this study 
Maintenance of perfusion depends upon a sophisticated and complex integration of 
the CNS reflexes, circulating blood volume, cardiac stroke output, and local vascular 
factors. The end result - arterial blood pressure - is one of the most valuable and 
reliable physiologic measurements. During exposure of the Subject to LBNP, fre- 
quent BP determinations are required for safety as well  as experiment data. The 
same discussion and justification for Experiment 1-3.la(l) (ECG) applies to the BP 
Experiment. Much of the ECG discussion is identical to A e BP's. Only those factors 
involving differences are discussed below. 
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Major Instruments or  Apparatus (Experiment-peculiar) include a Blood Pressure 
Assembly that provides an automatic blood pressure measuring system consisting of 
8 pressure cuff, microphone, signal conditioners and ~ ~ o g r a m m i n g  unit to automatic- 
ally inflate the cuffs during the blood pressure test, 
A s  with the ECG, BP must be recorded during each LBNP repetition, 14 times 
during the 42-day Phase IV duration for an Interval of 3 days. Each blood pressure 
test consists of 50 determinations, two every minute for the 25 minutes (including 5 
minutes each of baseline and recovery) that the LBNP is conducted. Each determina- 
tion provides three data points (systolic, diastolic and pulse pressures) for a total 
for each repetition of 150 data points. 
minutes setup, 25 minutes test and 5 minutes cleanup). Time per Data Point is 0.004 
hours. Total Number of Data Points per Subject per experiment is 14 x 150, or 2100. 
Astronaut Time per Data Point is 0.008 hours. 
Total time for a repetition is 35 minutes (5 
Weight per Experiment is 5.0 1b. 
1-3. IC Plethysmogram - The objective is to determine changes in  cardiovascular 
response as a function of prolonged exposure to partial gravity by recording leg ple- 
thysmograms while the Subject is being stressed with LBNP. The Experiment Source 
Reference for this study definition is the AGC. The Measured Phenomenon is the 
per-cent change in leg volume during exposure to LBNP. Essentially the same dis- 
cussion and justification for the previotis cardiovascular experiments considered apply 
to this experiment. 
1 
One of the manifestations of orthostatic intolerance that has repeatedly been 
demonstrated following extended exposures to weightlessness or its physiologic ana- 
logues is the pooling of the body fluids in the dependent extremeties upon exposure to 
vertical posture or to LBNP, which tends to produce the cardiovascular stress of 
orthostasis. The change in the girth, or  volume, of the lower limbs, therefore, 
provides an important criterion of the physiologic response of the cardiovascular 
system to such stress, and, consequently, its state of decondition relative to normo- 
gravitational existence. Much of the previous cardiovascular experiments' defini- 
tions and analyses are identical to this experiment' s. Only those factors involving 
differences are  discussed below. 
Major Instruments or Apparatus (Experiment-peculiar) include two cage- 
capacitance plethysmographs for the measurement of percent change in leg volume. 
They provide continuous analogue signals during the five-minute baseline phase, the 
15-minute LBNP phase, and the final five-minute recovery phase. 
A s  with the ECG, leg plethysmograms are recorded continuously during each 
LBNP determination, including the baseline and recovery periods. Each LBNP 
determination has four plethysmographic data points associated with it (right and left 
leg volume changes relative to baseline during LBNP and during recovery). Leg 
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p l e t ~ y s m o ~ a m s  are repeated 24 t se IV duration for an 
e rval of 3 days, Total time for a re 
s per Subject per 
es   cleanup)^ Time per 
per Data Point is $. 30 hours. Weight per Experiment is 0.3 lbs. Volume per Ex- 
periment is 1.0 ft e 
I-3.ld Cardiac Output (CO) - The objective is to determine changes in cardio- 
vascular response as a function of prolonged exposure to partial gravity by record- 
ing cardiac output. The Experimental Source Reference for this study definition is 
the AGC. The Measured Phenomenon is the amount of blood ejected by one ventricle 
of the heart over the period of one minute. 
Essentially the same discussion and justification for the previous cardiovascular 
experiments considered apply to this experiment. It is important both from a 
scientific as  well as prophylactic perspective to attempt to isolate those aspects of 
cardiovascular deconditioning due to reduced vascular reactivity from those due to 
decrements i n  cardiac function, The lat'm would be suggested by alterations in 
cardiac output under controlled conditions. Much of the previous cardiovascular 
experiments definitions and analyses are identical to this experiment. Only those 
factors involving differences a re  discussed below. 
Major Instruments or Apparatus (Experiment-peculiar) include an Impedance 
cardiograph, measuring thoracic impedance to a constant RNIS current of 6 ma at 
122 kc a s  sensed by an outer set of a four-electrode system. The Biphasic analogue 
waveform is converted in the data management system to digital cardiac output. 
Scope display, hard copy and magnetic tape storage is required. The Test Subject 
Activity consists of a passive role. Impedance cardiography uses Kubicek' s method, 
equating changing parallel resistive impedances' within the thoracic volume con- 
ductor, in response to  imposed radio frequency signals, with changes in thoracic 
pulsatile blood flow. The method is noninvasive. Electrodes are placed around the 
neck and around the body below the heart are excited with high-frequency current. 
Changes in impedance are measured and directly related to cardiac output. 
Cardiac Output is determined at regular intervals at a frequency of twice- 
weekly t%roughout the 42-day period. The Test Interval, therefore, is approximately 
3.5 days. There is one data point (liters/minute of output) per repetition. Total 
Number of Data Points is twelve. Total time per repetition is 25 minutes (10 minutes 
setup, 10 minutes test, and 5 minutes cleanup), Time per Data Point is 0.42 hours. 
Astronaut Time per Data Point i 0.84 hours. Weight per Experiment is 0.8 lbs. 
Volume per Experiment is 0.4 ft . B 
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1-3, le Heart Rate (HRL - The objective is to determine changes in cardio- 
1 vascular response as a function of prolonged exposure to partial gravity by recording 
the heart-rate under controlled conditions. The Experimental Source Reference for 
this study definition is the AGG, The Measured Phenomenon is the number of heart- 
beats per unit time, derived from a data management analysis of the number of ECG 
R waves per unit time. Essentially the same discussion and justification for the 
previous cardiovascular experiments considered apply to this experiment. 
Changes in heart-rate as  the result of various activities, as well  as its recovery 
rate following these stresses, provide an indication of the vagal cholinergic and/or 
sympatho-inhibitory counter regulatory power of the cardiovascular system, and thus 
give a sensitive and accurate indication of an individual! s cardiovsscular reserve 
under stressful conditions. For example, heart-rate responses are a prime indica- 
tor of cardiovascular responses to the decreased circulating blood volume resulting 
from pooling of blood in the lower extremities during orthostatic stress or  the appli- 
cation of LBNP. The heart-rate is electronically derived from the ACG. Real-time 
visual displays of heart-rate, as well  as blood pressure, are required to guide the 
examiner as to the cardiovascular status of the Subject throughout the determination 
of the LBNP response, so as to ensure the safety of the procedure. Much of the 
previous cardiovascular experiments ' discussions are  identical to this experiment' s. 
Only those factors involving differences are  discussed below. 
The Major Instruments and Apparatus are common with those of Experiment 
1-3.la(l) ECG. The ECG R wave is detected by the data management system, which 
provides a digital cardiotachometric readout on an essentially continuous basis. 1 
The Total Time of experiment duration is 42 days. A s  with the ECG, HR must be 
recorded not less than during every LBNP determination, giving an Interval of 3 days. 
Total Time for repetition is 35 minutes (5 minutes setup, 25 minutes test, and 5 
minutes cleanup). Assuming a digital printout of HR every 15 seconds, the number of 
data points per repetition is 100. Time per Data Point is 0.006 hours. The Total 
Number of Data Points per Subject per Experiment is 1400. Astronaut Time per Data 
Point ' s  0.012 hours. Weight per Experiment is 0.3  lbs. Volume per Experiment is 
1.0 ft . 3' 
1-3. Ifl The objective is to determine changes in 
cardiovascular response as a function of prolonged exposure to partial gravity by 
measuring peripheral vasomotor function. The Experimental Source Reference for 
this study definition is the AGC. The Measured Phenomena are the changes in volume 
of a limb per unit change in intravascular pressure, the limb volume changes being 
measured using plethysmography and the intravascular pressure being measured 
using sphygmomanometry. Much of the same discussion and justification for the 
previous cardiovascular experiments considered apply to this experiment. 
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Cardiovascular deconditioning due to pro onged exposure to parti 
be manifested in decreased vascular tone. By measuring changes in limb volume 
distal to a slowly inflated occlusive cuff, quantitative indications of first, venous com- 
pliance and then, arteriolar reactivity will be produced. Expression of limb volume 
changes, as measured by the plethysmograph per unit change in vascular pressure 
as measured by the sphygmomanometric cuff pressure, will provide an index of 
vasomotor response that will allow isolation of its deconditioning from those effects 
sustained by other functional aspects of the cardiovascular system. Much of the pre- 
vious cardiovascular experiments discussions a re  identical to this experiment s. 
Only those factors involving differences are discussed below. 
Major Instruments or Apparatus a re  shared with other experiments. The Sphy g- 
momanometer used in  theBlood Pressure Experiment and the cage capacitance limb 
plethysmograph used i n  the Plethysmography Experiment are  used in this study. The 
Pressure cuff is programmed to slowly occlude circulation to the limb while the 
change in limb volume and cuff pressures are simultaneously recorded by the data 
management system. Each repetition consists of the procedure being conducted on 
one a rm and one leg. The Subject Activity consists of his being subjected to limb 
plethysmography (first an arm and then a leg) while the limb' s circulation is slowly 
occluded using an automated pressure cuff. Limb volume response with venous occ- 
lusion provides an index of venous compliance, limb volume response with arteriolar 
occlus ion provides an index of arteriolar reactivity. 
The Total Time of the experiment duration is 42 days. The Experiment is 
repeated twice a week, providing an Interval of 3.5 days between repetitions. The 
Total data points per repetition a re  4, with the Total Number of Data Points per 
Subject per experiment equal to 48. Time per repetition is 40 minutes (each limb re- 
quires 10 minutes setup, 5 minutes test, 5 minutes cleanup) for a Time per Data Point 
of 0.056 hours. Astronaut Time per Data P'tfnt is 0.112 hours. Weight per Experiment 
is 5.3 Ibs. Volume per Experiment is 1.5 f t  . 
I-3.lg Blood Analysis - The Objective is to determine changes in  the chemistry 
1 
and hematologic characteristics of the blood as a function of prolonged exposure to 
partial gravity. 
The Experimental Source Reference for this study definition is the AGC. The 
Measured Phenomena are a number of chemical and hemotologic characteristics of 
the blood that provide indices of several of the vital functions of the body that may be 
affected by prolonged exposure to partial gravity. Much of the ssme discussion and 
justification for the previous cardiovascular experiments considered apply to this 
experiment. 
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There have been numerous predictions that prolonged exposure to hypogravita- 
tion would cause significant changes in  the hemotologic profiles and blood chemistries 
of astronauts, The results of groundbased analytic studies and null gravity simulations 
have supported these predictions i n  many instances, with data indicating alterations 
in  tissue and fluid metabolis m, and renal, endocrine, and hematologic functions. 
Many of these functional changes are reflected in shifts in blood chemistry and hema- 
tology. 
Comparisons of preflight and postflight hematologic profiles and blood chemis- 
tries have demonstrated some significant changes. In both the Apollo and Gemini 
Programs, a leucocytosis, associated with an absolute neutrophilia and an absolute 
lymphopenia, was observed immediately postflight. These changes were transient, 
the total and differential white blood cell counts always reverting to preflight levels 
within one day postflight, and were probably the consequence of increased blood epine- 
phrine and steroid levels associated with mission stresses. Data on the red cell 
fraction of the blood have been of particular interest in  the Apollo Program 3ecause 
of the consistent loss of red cell mass, to a maximum of 20%, observed i n  the Gemini 
Program, and hypothesized as resulting from a lysing effect of the pure oxygen 
(5 psia) atmosphere, used in  the Gemini spacecraft, on red blood cells. There were  
essentially no change i n  red cell mass i n  Apollo 7 and 8 crewmembers, possible due 
to the 5 to 7% nitrogen remaining in the space cabins from the original prelaunch at- 
mosphere having an inhibitory effect on red cell lysis. Controverting this, however, 
3 crewmembers, using an identical simulation of atmospheric exposure in  an 11-day 
test, showed a mean decrease of 4.4% in  red cell mass. A significant loss of red 
cell mass occurred in  the Apollo 9 mission, where there w a s  no residual nitrogen in 
the crew cabin for 7 days of the 10-day mission. 
Mean plasma volumes were essentially unchanged i n  the Apollo 7 mission and 
decreased significantly in Apollos 8 and 9. Apollo missions over all demonstrated 
significant decreases in cholesteral and uric acid and significant elevation in glucose 
and creatinine. The consistently occurring transient postflight hyperglycemia is a 
probable result of an increased output of catecholamines and steroids secondary to 
the stress of reentry. The decline of serum cholesterol and uric acid levels is prob- 
ably due to altered diet. 
Major Instruments or  Apparatus (Experiment-peculiar) consist of equipment for 
the sampling and storage of blood and its components, and the analysis of 35 of its 
chemical and hematologic parameters including: RBC count, mass, fragility, sur- 
vival time and reticulocyte count; WBC count including differential, morphology, 
motility and phagocytosis; platelet count; bleeding and clotting times; clot retraction: 
hemaglobin; free fatty acid; glucose; cholesterol; BUN; uric and lactic acids; ACTH; 
SGO T LDH; inorganic ion levels; alkaline phosphatase; pH; creatinine; total protein; 
total bilirubin; albunim; and osmolality. The Subject Pre-Test State is the same as 
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for Experiment 1-3,la(l) with the EPO ratings for this factor the same as for Experi- 
ment I-1,la The Test hbject  Activity is entirely passive, consisting of being sub- 1' 
jected to venipuncture and capillary punctures to obtain blood samples. EPQ ratings 
for this are the same as for 1-3.la(l) 
1' 
The Total Time of the experiment and its EPO ratings are the same as for I-3.la 
(l)l. The repetition interval averages 112 hours, two repetitions per week for the 
first three weeks and one repetition per week for the last three. 
Data Points is 415:35 blood parameters, 9 repetitions. A s  samples can be stored and 
analyzed in  batches, the total experimental time penalty per Subject is 9 hours, for 
a Time per Data Point of 0.029 hours. The Measurement Environment is the same as 
for 1-3.la(Z), as a re  the EPO ratings. 
1 
The Total Number of 
1' 
Experiment Objective Attainment EPO ratings are the same as for 1-3.la(l) 
Crew l lme  per D ta Point is 0.029 hours. Weight and Volume per Experiment are  
230 lbs. and 22 f t  . 8 
1-3.1h(l) LBNP Tolerance - The Objective is to determine tolerance of LBNP 
1 as  a function of exposure to partial gravity. 
The Experimental Source Reference for this study is the AGC. The Measured 
Phenomenon is the Subject' s cardiovascular tolerance of lower body negative pressure 
(LBNP) as a function of duration of exposure to partial gravity, cardiovascular re- 
sponse determined by leg plethysmographic, E CG,  and blood pressure measurements 
concurrent with LBNP application. Much of the same discussion and justification for 
the previous cardiovascular experiments considered apply to this experiment. 
Man's upright stance has compelled the cardiovascular system to adapt to the 
terrestrial gravitational field. 
to cope with gravitational stress with suprising rapidity under conditions in which the 
effects of gravity are minimal or  absent has been repeatedly documented in studies of 
bed rest, and immersion and, indeed, in the relatively short flights of the Mercury, 
Gemini, and Apollo Programs. It seems clear that the degree of deconditioning 
reached varies with the time duration that gravitational stresses are absent and also 
that this relation is not a straight-line correlation. It is also reasonable to believe 
that under any condition involving the absence of gravitational stress a new level or 
plateau will  be reached beyond which further deconditioning will not occur or at least 
wi l l  occur only at much slower rates. A t  this point in time, for example, evidence 
from the Gemini flights suggests that exposure to 14 days of orbital flight did not 
bring about a significantly greater decrement in the ability of the cardiovascular system 
to withstand terrestrial gravity than 8 days' exposure. The numbers involved are too 
small, however, to be conclusive; moreover, bed rest studies indicated that further 
deconditioning occurs between 15 and 30 days. 
That the cardiovascular system loses its efficiency 
, 
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Bed rest is considered analogous to the weightless state in that it minimizes the 
effect of gravity upon the fluid contents of the cardiovascular system. A number of 
bed rest studies have shown greater deterioration of cardiovascular function after 4 
weeks than 2 weeks. If truly analogous to weightlessness, a greater degree of decon- 
ditioning may be expected in  space flights of greater than 14 days duration. In addition, 
in-bed exercise while supine, even at high levels for prolonged periods, has been 
reported to afford little protection against cardiovascular deconditioning as measured 
by tilt-table testing. 
time beyond 30 days of bed rest cardiovascular deconditioning wil l  have reached a 
plateau beyond which further deterioration will not occur. Since cardiovascular de- 
conditioning is considered to be a process of adaptation to a less demanding environ- 
ment, it can be assumed that a stage of complete adaptation wil l  be reached beyond 
which little or  no further changes wil l  occur. Neither the period of time required to 
reach this stage nor the degree of deconditioning that it wi l l  produce is known at this 
time. A t  the present time, it must be assumed that this adaptive process wil l  occur 
at any gravitational level below 1 g. 
There is a s  yet insufficient data to determine at what point in 
These observations make it imperative that all possible effort be made to deter- 
mine the rate and extent of cardiovascular deconditioning produced by space flight of 
increasing duration. This knowledge must be acquired by studies of the effects of 
each flight to give the best assurance of astronaut safety and mission success in su- 
cceeding flights. By determining the cardiovascular deconditioning that occurs due to 
exposure to partial gravity and correlating it with the deconditioning response to com- 
parable time exposure to zero-g, it should be possible to predictively interpolate as to 
the deconditioning that will result from chronic exposure to any level of hypogravita- 
tion, allowing estimation of the amount of compensation that would be required to 
maintain the astronaut conditioned for reentry and normogravity. 
Negative pressure has been used as a tool for the study of vascular physiology 
for many years. Since its effects on the cardiovascular system are similar to those 
of gravity acting on an individual in the erect position, interest in this method of 
stressing the cardiovascular system has stimulated numerous studies of its hemody- 
namic effects. Lower body negative pressure has been envisioned as a means not 
only of measuring orthostatic tolerance, but also as one to prevent cardiovascular 
de conditioning during the weightless environment of prolonged space flight. Lower 
body negative pressure will be utilized for inflight evaluation of the cardiovascular 
system during the Skylab space flights as a means of assessing one manifestation of 
cardiovascular deconditioning, orthostatic intolerance. 
The circulatory adjustments to the simple act of standing, or to LBNP o r  verti- 
cal tilt, are complex and induce compensatory responses involving many cardiovas- 
cular functions and many functions in other systems and subsystems. The event 
primarily responsible for the subsequent response is generally accepted to be the 
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pheral venous re 
tively similar. 
Leg volume changes during either LBNP or tilting furnish an ind of the amount 
of blood being pooled in the lower extremities. These changes are usually, but not 
always, of similar magnitude in each leg. Measuring the change in both legs increases 
the validity of this index over that which could be obtained by measuring changes only 
in one leg. Thus, it is of importance to obtain volume changes in  both legs even though 
data from only one leg would furnish valuable information. Significant leg volume in- 
creases were  seen in Gemini and Apollo crewmembers postflight as compared to  pre- 
flight. 
the extent of cardiovascular deconditioning that had occurred. 
This measurement appeared to furnish an important parameter for gauging 
Blood pressure and heart-rate responses are prime indicators of cardiovascular 
responses to the decreased circulating blood volume resulting from pooling of blood 
in the lower extremities during orthostatic stress or the application of LBNP. These 
parameters correlated well  with leg volume changes during tilting before and after 
Gemini and Apolfo flights. 
Common-use equipment includes data management equipment to display and 
record analog and digital information. Major Instruments or  Apparatus (Experiment- 
peculiar) include an LBNP device, leg plethysmographs, a tympanic thermometer and 
ECG and BP equipment. The Subject Pre-Test State is the same as for Experiment 
1-3.la(l) with the EPO ratings for this factor the same as for Experiment 1-1. la 
The Teak Subject Activity is entirely passive, consisting of being subjected to the 
LBNP tolerance test while supported in a supine position. EPO ratings for Test 
Subject Activity are the same as for 1-3.1a(l) 
1. 
1. 
1- Total Time of the experiment and its E PO ratings are the same as for 1-3.la(l) 
The repetition Interval if 72 hours. The Total Number of Data Points is 3906:14 
repetitions and 279 Data Points (4 from plethysmography, 150 from BP, 25 from core 
temperature, and 100 from HR) per repetition. Subject time per repetition is 45 
minutes (15 minutes setup, 25 minutes test, 5 minutes cleanup). Time per Data Point 
is 0.003 hours. The Measurement Environment is the same as for 1-3.la(l) 1’ 
the EPO ratings. 
as are 
1. Experiment Objective Attainment EPO ratings are the same as for 1-3.la(l) 
Crew Time per D a 9  Point is 0.007 hours. Weight and Volume per Experiment are 
20.5 lb. and 12.1 f t  . 
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- The Objective is to determine tolerance of +G 
ure to partial gravity, 
Z 
"he Experimental Source Reference for this study is the GDC, The Measured 
Phenomenon is the Subject? s cardiovascular tolerance of + G acceleration levels 
above normogravity as a function of duration of exposure to partial gravity, the index 
of intolerance being peripheral light loss (PLL) o r  "Greyout". Much of the same 
discussion and justification for the cardiovascular expdriments pre viously considered 
apply to this experiment. 
Z 
A decrease in tolerance to +G acceleration can be anticipated in space because 
of a decrease in circulating fluid volume. The cause is an increase in central circulat- 
ing volume which causes a diuretic response. This response is mediated through an 
inhibition of the anti-diuretic hormone of the pituitary. Bedrest causes such changes 
by diuresis, and space flights to date have shown such a decreased circulating volume, 
presumably due to consequences of weightlessness. When blackout, either peripheral 
or central, is used as a criterion for acceleration tolerance, the mechanism of black- 
out is presumed to be dependent upon retinal blood supply. The efficiency with which 
the heart can supply the head with blood depends upon many factors. Sufficient blood 
volume to f i l l  increased peripheral circulation during + G  acceleration is one of the 
important factors. 
Z 
Leverett and Zuidena (1960) have analyzed the problems of using peripheral and 
central light loss as a criterion for determining acceleration tolerance and point out 
the variability in technique that is found in the literature. The end points for accelera- 
tion tolerance wil l  be even more difficult in  space than the usual procedures on earth 
as total blackout or  unconscimsness that closely follows muld  be undesirable under 
such circumstances. Some facilities have used white or  white/yellow lights for cen- 
tral and peripheral lights, while others have used green for peripheral and red for  
central lights. This offers the possibility of deferring blackout levels due to depen- 
dence primarily on rod o r  cone vision respectively. The report cited also points out 
that some groups used peripheral light loss (PLL) as an end point. This loss is attri- 
buted to a decreased blood supply in the peripheral retinal area causing a decrease in  
angular visual fields. Other centrifuge operators have used a combination of PLL and 
central light loss (CLL). In the CLL situation blood is not reaching any portion of the 
retina and a complete loss of vision results. The preferred end point is PLL since it 
introduces a margin of safety relative to CLL. The increase in g per second has been 
found to be a highly significant factor in earth tolerance tests. A gradual onset of 
centrifugal force permits greater reflex compensation. g-onset, therefore, must be 
a well-controlled factor in space experiments. 
The A i r  Force evaluated the potential of an onboard centrifuge system and Piemme 
et a1 (1966) measured the duration of human tolerance to positive acceleration on a 
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short radius centrifuge which produced a 256 per cent heart to foot acceleration 
gradient, They found that acceleration levels of +1 G +2G and +3G (reference to 
Z' Z the foot) were tolerated by all Subjects for periods ofztlvo hours, however, one Subject 
did become nauseated following head movements at a +3G environment. The Sub- 
Sects, using comparable levels of acceleration, were able to ride a short radius 
centrifuge of 4.75 feet for a longer time period than they could at a 23 ft. radius (both 
radii being measured to the Subject' s feet). A steep acceleration gradient, therefore, 
does not appear to reduce tolerance to positive acceleration. A i r  Force and NASA 
studies at Douglas investigated head to toe acceleration gradients of 20 to 219 per cent 
on short-radius (16 and 156 in. ) centrifuges. These studies indicated that tolerance 
measurements are possible on short-radius centrifuges using low intensity peripheral 
vision lights and gradual onset to blackout. The Douglas (W. J. White et al, 1965) 
group also found that a s  radius decreases and the gradient increases there is a ten- 
dency toward increased g before blackout occurs. They did not experience the compli- 
cations of sickness due to head motion in their studies. They did report complaints 
of discomfort and pain the calves and feet of Subjects who were exposed to their 
maximum levels of acceleration and who did not show the expected blackout. Using a 
low intensity central light loss as criterion for tolerance, the investigators at  Douglas 
found that onset rate minimally F t e d  the mean g-level attained. A t  156 inches from 
the heart, with a .2  g per second onset, the qean  for CLL (central light loss) occurred 
at 3.9 g compared to 3.8 g at 3 gf s per second onset. With a 16 inch radius to the 
heart, the mean level for CLL w a s  3.0 g. They also reported the effect of radius on 
g-level tolerance: at a 30 inch radius to the heart the mean level attained was  3.6 g, 
at 58 inches 4.6 g, at  112 inches 4.4, and at 172 inches 3.9 g. 
Z 
Common-use equipment includes data management equipment to display and 
record analog and digital information. Major Instruments o r  A paratus (experiment- 
peculiar) include a test perimeter (with lights located at 0 , 23 and 80 of visual 
angle), and ECG and BP equipment. The Subject Pre-Test State is the same as for 
ExperimentI-3.la(l) with the EPO ratings for this factor the same as for Experiment 
1 I-1.la 
to the +G profile, the EPO ratings for this factor being the same as 1-3.la(l) 
Total Time of the experiment and its EPO ratings are the same as for 1-3.1a(1)1. 
o b )  0 
The Test Subject Activity consists of reporting the moment of PLL in response 1. 
1" Z 
The repetition Interval is the same as for 1-3.Ih(l) 
Points is 14 (one data p i n t  per repetition). Subjec I Time per repetition is 45 minutes 
(15 minutes setup, 25 minutes test, and 5 minutes cleanup). Time per Data Point is 
0.75 hours. 
The Total Number of Data 
Considering the Measurement Environment, the range of g-levels required is 
from 0.4 to 4. C. EPO (8) is rated excellent for this factor, providing the full range, 
with other EPOs rated unacceptable. The g-Gradient Ratio and its EPO ratings are 
excellent for all. The rpm requirements range from 4.5 to Requirements for 
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Maximum g-level (RNXG), with ratings for thos factor being the same as given above 
for the g-level, The Angular Acceleration requirement is 0.1 &second, with EPO 
ratings for this factor being excellent for EPO (g) and unacceptable for all other EPOs 
as they involve large masses and cannot respond quicMy enough to meet this req 
ment. 
Experiment Objective Attainment ratings are based mainly on the Measurement 
Environment and Time Factor ratings and are sped fied as  fair for EPO (g) and 
unacceptable for all other EPOs. Crew Time perpa ta  Point is 1.5 hours. Weight 
and Volume per Experiment are 7 . 2  lb. and 0.9  f t  e 
1-3.lh(3) Re-entry Tolerance - The Objective is to determine tolerance of re-e&y 
inertial profi 1 e as a function of exposure to partial gravity. 
The Experimental Source Reference for this study is the GDC. The Measured 
Phenomenon is thesubject' s psychophysiologic response to re-entry acceleration as 
a function of duration of expsure  to partial gravity, the index of intolerance being 
the inability to perform a pychomotor task at a skill level required for successful 
re -entry. 
Some consternation has been shown from parts of the space medicine community 
that prolonged missions at null gravity would decrease the astronaut' s ability to fly 
re-entry because oflack of practice and loss of g-tolerance. To circumvent this is 
has been proposed that prior to re-entry the c rew be exposed to the re-entry g- 
profile on a centrifuge and perform the re-entry control task. Ideally the flight con- 
trols would be included on the couch and the Subject' s reactions would invoke the g- 
changes resulting from any of his errors.  Thi s would be an extremely sophisticated 
simulator for orbital use and could cause injury to the Subject where the high 
acceleration levels oriented through the Z axis. A much simpler approach is to use 
the simulator only as a physiological challenge and practice a re-entry type routine 
during the acceleration. For this the centrifuge rpm level can be programmed in a 
simple manner. A s  the resultant g-levels will  not all be through the ideal transverse 
(GX) axis, it is also necessary to program the couch orientation so it moves off the 
nominal position to realign the g-vector. The couch would be at maximum radius with 
the Subject's 2 axis 78 off the radius (transverse g-tolerance is incressed when back 
is raised 12 to decrease pulmonary distress). Proficiency in flight control during 
the high g-profile can be determined with a performance test that reflects the control 
problem. Such a performance test would be much simpler to control and evaluate. 
The Convair-developed RATER task represents such a test. 
0 
0 
The Common-use equipment includes data management equipment to display and 
record analog and digital information. Major Instruments or Apparatus (Experiment- 
peculiar) include the 1-2.1 RATER task, and ECG and BP equipment to provide 1 
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information for medical monitoring. 
Experiment 1-3.1a(l) with the E PO ratings for this factor the same as for Experiment 
1-1. la 
whileGeing exposed to the re-entry inertial profile. The overall &TER performance 
is evaluated on a go/no-go criterion as to acceptability for the display/control skills 
required for the operational situation. EPO ratings for Test Subject Activities are 
excellent for all. 
The Subject Pre-Test State is the same as for 
The Test Su!bject Activity consists of performing the 1-2.1 RATER task 
1' 
Total Time of the experiment and its EPO ratings are the same as for 1-3.lh(2) 
The repetition Interval is the same as for 1-3.lh(l) 
is 14 (one data point per repetition). Subject Time per repetition is 35 minutes (15 
minutes setup. 15 minutes test, and 5 minutes cleanup). Time per Data Point is 0.58 
hours, Considering the Measurement Environment, the only changes relative to the 
1-3.lh(2) requirements are  a g-level ceiling of 6.0 and a corresponding higher rpm 
1 requirement. A s  these increased requirements are within the capability of EPO (g), 
the Measurement Environment ratings are the same as for 1-3.lh(2) 
The Total Number of Data Points 
1' 
1. 
Experiment Objective Attainment ratings are the same as for 1-3.lh(2) Crew 
Time perga ta  Point is 1.16 hours. Weight and Volume per Experiment a re  4.0 lb. 
and 0.6 f t  . 
1. 
1-3.lh(4) Tilt To1eranc.e - The Objective is to determine tolerance of vertical 
tilt in a gram It y field as a function of exposure duration to partial gravity. 
The Experimental Source Reference for this study is the GDC. The Measured 
Phenomenon is the Subject' s cardiovascular response to vertical tilt within a gravity 
field as a function of duration of exposure to partial gravity, the degree of intolerance 
being a composite function data derived from leg plethysmographic, ECG and BP 
measurements. Much of the same discussion and justification for the cardiovascular 
experiments previously considered apply to this experiment. 
The tilt table has been used for  many years to assess the reactions that occur in 
the vascular system in response to exposure to one-g. When the Subject on the tilt 
table is changed from a horizontal to a near vertical, it brings about a reactive pro- 
cess that is dependent on many different body systems. Impwtant in these mechanisms 
are the change in heart rate, blood pressure vasomotor tone and brain perfusion. 
These changes have been studied by many investigators who used the test in early 
aviation medicine for pilot examinations and itnaturally has assumed an important 
role in the evaluation of space effects on the Mercury, Gemini, and Apollo pilots. 
Tilt table procedures are somewhat standardized from experiments done to investigate 
bedrest as a means of simulating weightlessness and inactivity. Vogt (1966) has 
developed a data retrieval and handling method whieh allows computer storage and 
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analysis of the Subject's reaction to the tilt table test. His procedure is a recording 
of baseline data on heart rate and blood pressure for five minutes in the horizontal. 
The Subject is then tilted in 35 seconds, to the upright position of 70 from the hori- 
zontal, for 20 minutes unless syncope or  impending syncope occurs. cause so 
much baseline data is available for the tilt table, it is very desirable to have a test on 
board the vehicle that would be comparable and, therefore, meaningful to monitoring 
physicians. To accomplish this, the test in space must be done at the equivalent of 
one-g acceleration and, in  addition, have the same hydrostatic gradients imposed 
during horizontal and tilt as is evoked by the 70 tilt on earth. 
0 
0 
Common-use Equipment includes data management equipment to display and 
record analog and digital information. Major Instruments or Apparatus (ExperAment 
peculiar) include a table or litter that can be tilted from horizontal to within 20 of 
the gravitational vertical, two leg plethysmographs, and ECG and BP equipment. The 
Subject Pre-Test State is the same as for Experiment 1-3,la(l) with the EPO ratings 
fo r  this factor the same as for Experiment 1-1.la 
tirely passive, consisting of being subjected to the tilt g-profile while being monitored 
for cardiovascular response, and EPOs are all rated excellent on this factor. 
The Test A ubject Activity is en- 
1' 
1. 
1. 
Total Time of the experiment and its E PO ratings are the same as for 1-3.lh(2) 
The repetition Interval is the same as for 1-3.lh(l) 
Subject Time per repetition, and Time per Data Point are the same as for 1-3.1h(l) 
Considering the Measurement Environment, the range of g-levels required is from 
0.4 to 1.0. A l l  EPOs are rated excellent on this factor. The g-Gradient Ratio and 
its EPO ratings are the same as  for 1-3.1a(l) 
the Orbitor roll mode for this experiment. &e requirements for rpm range from 
4.5 to RMG, with the EPO ratings being the same as those listed for the g-level 
factor. Angular Acceleration is not applicable (NA). 
The Total Number of Data Points, 
1: 
assuming that all EPOs would utilize 
Experiment Objective Attainment ratings are the same as for 1-3.1h(l) 
5.5 lb. and 1.5 f t  e 
Crew 1' 
Time 
are 
per Data Point ' s  0.007 hours. Equipment Weight and Volume per Experiment B 
1-3.2 Fluid Balance 
I-3.2a Total Body Water - The Objective is to determine the total amount of 
body water in the various body compartments as a function of duration of exposure 
to partial gravity. 
1 
The Experimental Source Reference for this study is the AGC. The Measured 
phenomenon is the dilution of ingested deuterium oxide (D 0) by the total body water 
as a function of the Subject's duration of exposure to partial gravity. 2 
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Maintenance of body water content within normal limits is one i rtant require - 
ment to insure optimum astronaut performance during space missions. Both American 
and Russian astronauts have returned from space missions with a body weight deficit, 
some as much as ten pounds. It has been assumed that this deficit was  predominantly 
water because the loss was  essentially recovered in one to two days. There are 
several possible ways that a loss of body water can occur. A loss can occur by re- 
stricting intake with output held constant; increasing output with intake held constant; 
or, a decreased input with an increased output. 
Voltmtary dehydration (the delay in rehydration following water  deplation) has 
been observed in man after a variety of environmental stresses, and it could have 
contributed to the astronauts' weight loss. It is probable the major cause of the 
negative weight balance was  due yo diuresis, similar to that which has been observed 
from studies utilizing water immersion. Diuresis has also been reported with pro- 
longed bedrest. 
It has been assumed that the in-flight weight loss observed in astronauts (up to 
6% of the body weight) w a s  predominantly water because the weight loss w a s  often 
recovered in  1 to 2 days. Further, it has been assumed the weight (water) loss w a s  
due to a diuresis similar to that which occurs in an increased urinary volume compared 
with a control period. 
The reduction in body water content during weightlessness could be looked upon 
as an adaptation where the fluid loss is essentially an appropriate reaction to weight- 
lessness. If maintenance of central blood volume is part of the basic regulatory 
mechanism of body fluid balance, then one might expect a reduced fluid volume to be 
the norm for the weightless environment. 
Of the types of diuresis, the water diuresis observed in bedrest and water im- 
mersion studies in the Gauer-Henry reflex may be caused by the same mechanism as 
weightlessness. Artificial-g levels below nonmogravity may produce intermediate 
states of dehydration. Total body water is one of the measurements required to deter- 
mine the body fluid balance a s  a function of partial gravity exposure. 
Common-use equipment consist of urine sample containers and miscellaneous 
fluid transfer equipment. Major Instruments or Apparatus (Experiment-peculiar 
include a mass spectrorAieter and the dueterium oxide samples. Thesubject Pre-Test 
State is the same as for Experiment 1-3.la(l) with the EPO ratings for this factor the 
same as for Experiment 1-1.1a 1' D 0 samples and providing urine speciments. EPO ratings for this factor are the 
same as for 1-3.la(l) 
1 The Test Subject Activity consists of ingesting the 
2 
1. 
I' Total Time of this experiment and its EPO ratings are the same as for 1-3.1a(1) 
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The repetition Interval averages 120 hour (twice-weekly for the first two weeks and 
once each week for the last 4 weeks). The Total Number of 
repetition. Subject Time per Data Point is 0, 0% hours. 
1" and its EPO ratings are the same as for 1-3*la(l) 
Experiment Objective Attainment Patings are the same as for 1-3.la(l) Crew 
Time perpa ta  Point is 0.35 hours. Weight and Volume per Experiment are 20 lb. 
and 1.5 f t  e 
1" 
- The Objective is to determine the volume 
ular fluid a s  a function of duration of expowre to partial gravity. 
The Experimental Source Reference for this study is the AGC. The Measured 
Phanomenon is the dilution of injected inulin by the extracellular fluid a s  a function of 
the Subject's duration of exposure to partial gravity. The basis for this measurement 
is the same as for the total body water, to determine the balance and distribution of 
body fluid as a function of partial gravity exposure, 
Common-use equipment include equipment f o r  tracer injection and blood sampling 
and storage. Major Instruments or Apparatus (experiment-peculiar ) include the inulin 
samples and a colorimeter for analysis of tracer dilution. The Subject Pre-Test State 
is the same as  for Experiment 1-3.1a(l) , with the EPO ratings for this factor the 
same as for Experiment 1-1.la 
with the inulin tracer and providing the subsequent blood sample for the extracellular 
fluid (ECF) determination. The EPO ratings for Test Subject Activity are the same 
as  for 1-3.la(l) 
The 2 est Subject Activity consists of being injected I. 
1' 
1' Total Time of this experiment and its EPO ratings a re  the same as for I. 3.la(l) 
The repetition Interval and the Total Number of Data Points are  the game as for 
I-3.2a 
and its EPO ratings are the same as for 1-3@1a(l) 
Subject Time per Data Point is 0.25 hours. The Measurement Environment 
1' 
1. 
Experiment Objective Attainment ratings are the same as for 1-3+Ia(l) Crew 
Time per pata Point is 0.75 hours. Weight and Volume per Experiment are 3.5 lb. 
and 0.5 f t  e 
1' 
1-3 .2~  Plasma Volume - The Objective is to determine the plasma volume as a 
1 function of duration of exposure to partial gravity. 
The Experimental Source Reference for this study is the AGC. The Measured 
Phenomenon is the dilution of injected Evans Blue dye by the plasma as a function Of 
the Subject's duration of exposure to partial gravity. The basis for this measurement 
is the same as  for the total body water, to determine the balance and distribution of 
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body fluid as a function of partia gravity e x ~ s u r e .  The use of Zephiran as a solvent 
for  the dye, rather than saline, has been shown to obviate e r rors  caused by absor 
of the dye on the surfaces of the injeetio ge and other containing vessels and on 
the plasma proteins themselves. Accur sma volume determinations, thereby, 
have been facilitated using only 0.02 ml of plasma. 
Common-use equipment include articles for tracer injection and blood sampling 
and storage. Major Instruments o r  Apparatus (experiment-peculiar) include the 
Evans Blue samples and a colorimeter for analysis of tracer dilution. The Subject Pre- 
Test State is the same as for Experiment 1-3.la(l) 
factor the same as for Experiment 1-1.1a 
injected with the Evans Blue tracer and providing the subsequent blood sample for the 
plasma volume determination. The EPO ratings for Test Subject Activity are the 
same as  for 1-3.1a(l) 
with the E PO ratings for this 1' The Test Subject Activity consists of being 1' 
1. 
lo Total Time for this experiment and its EPO ratings are the same as for 1-3.2a Subject Time per Data Point is 0.30 hours. The Measurement Environment and 
its EPO ratings are the same as for 1-3.la(l) 
1. 
Experiment Objective Attainment ratings are the same as for 1-3.la(l) Crew le Time per $lata Point is 0.85 hours. Weight and Volume per Experiment are 3.5 lb. 
and 0 . 5  f t  . 
1-3 2 Water Balance - The Objective is to determine the Subject's gains and -5 losses of water as a function of exposure to partial gravity. 
The Experimental Source Reference for this study is the AGC. The Measured 
Phenomena are the intakes and outputs of water as a function of duration of exposure 
to partial gravity. The basis for this measurement is the same as for the total body 
water, to determine the balance of body fluid as a function of partial gravity exposure. 
Common-use equipment include miscellaneous items for the transfer and storage 
of moderate volumes of fluids and solids. Major Instruments or  Apparatus (experiment- 
peculiar) include a small mass measurement device. The Subject Pre-Test State is 
the same as for Epperiment 1-3.la(l) with the E PO ratings for this factor the same 
as for Experiment 1-1.la . The test gubject Act iv i ly  consists of assisting in monitor- 
ing his fluids intakes and outputs, including measuring food, drink, and excretions, as 
well  as drinking, and reconstituting food with water of known electrolyte content. The 
EPO ratings for Test Subject Activity are  the same as for 1-3.la(l) 1' 
1' Total Time for this experiment and its EPO ratings are the same as for 1-3.1a(l) 
The repetition Interval is 12 hr. The Number of Data Points is 252: 84 repetitions, 
3 measurements totals (food, water,  and waste) per repetition -- raw data would 
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consist of a larger number of individual quantities, Subject Time pe 
0,16 hours. The Measurement Environment and its EPO r 
1-3.la(I) 1' 
W 
1" Experiment Objective Attainment ratings are the as for 1-3.la(l) Time per gata Point is 0,56 hours. Weight and Volume per Experiment are 2.0 lb  
and 0.3 f t  . 
1-3.2e(1), thru (4) - LBNP Tolerance, Greyout Threshold, Re-entry Tolerance, 
and Tilt Tolelrance. - The Objective of these four experiments is to relate the Subject' s 
water balance and distribution to each particular stressor as a function of duration of 
exposure to partial gravity. A s  such, these experiments merely repre sent fulnther 
interpretation of fluid balance data as a function of each discrete challange. Defini- 
tions and analyses of the four experiments are the same as Experiments 1-3.lh(l) 
thru (4) and will  not be repeated here. 1 
I-3.2f Ergometry - The Objective is to determine the physiologic responses to z calibrated exercise as a function of duration of exposure to partial gravity. 
The Experimental Source Reference for this study is theAGC. The Measured 
Phenomena are physiologic responses to a calibrated bicycle ergometer workload, 
the responses measured including metabolic rate, €TRY BP, and core temperature. 
This experiment is primarily goaled to evaluate if man' s physiologic effective- 
ness in doing mechanical work is altered as a function of prolonged exposure to a 
reduced gravity environment, but it also wil l  provide data as to the metabolic cost of 
identical operational activities, when man is deprived of Earth gravity as compared to 
the cost on the ground - thus establishing the validity of groundbased reduced-gravity 
simulators -- and will  assay the bicycle ergometer as an exerciser for long-duration 
hypogravitational missions. 
Common-use equipment include data management facilities for the display and 
recording of analog and digital data. Major Instruments or Apparatus (experiment- 
peculiar) include a bicycle ergometer, a metabolic analyzer, and ECG, BP, and ear 
thermometry equipment. The bicycle ergometer workload (in watts) can be preset 
so that the device wil l  automatically vary resistance as a function of pedal speed to 
maintain load constancy. The metabolic analyzer (MR device) measures 0 consump- 
tion and CO production and integrates them into a respiratory quotient, the basis of 
2 the metabohc rate. The Subject Pre-Test State is the same as for Experiment 
1-3.la(l) with the EPO ratings for this factor the same as for Experiment I-l.l?. 
while being physiologically monitored. This requires his wearing the MR helmet, 
ECG electrodes, BP cuff, and ear canal temperature probe. EPO ratings for  Test 
Subject Activity are the same as for 1-3.la(l) 
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The Tes k Subject Activity consists of performing the required ergometric workload 
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1. 
le Total Time for this experiment and its EPO rzdings are the same as for I-3*la(l) The repetition Interval is 24 hours. The Total Number of Data 
42 repetitions, 24 (4 each of BR, BT, and MR, 12 of BP) per repetition. Time per 
repetition is 40 minutes (15 minutes setup, 20 minutes test, 5 minutes baseline, 
10 at 75% load capacity, 5 minutes recovery --, and 5 minutes cleanup), Subject 
Time per Data Point is 0.028 hours. The Measurement Environment and its EPO 
ratings are the same as for 1-3.la(l) 1' 
Experiment Objective Attainment ratings are the same as for 1-3.1a(l) Crew 1" Time per &lata Point is 0.07 hours. Weight and Volume per Experiment are 50.5 lb. 
and 7.5 ft . 
1-3.23 Body Mass - The Objective is to determine changes in total body mass 
1 as a function of duration of exposure to partial gravity. 
The Experimental Source Reference for this study is the AGC. The Measured 
Phenomenon is the body mass as determined through its inertial response as part of 
a spring/mass pendulum. Substantial evidence exists from manned space flight and 
groundbased simulation that, unless compensated for by programmed countermeasures, 
significant weight loss will  occur as a function of exposure to hypogravitation. For 
example, all 15 Apollo Program astronauts lost weight during their respective miss- 
ions, the mean loss being 5.6 lb. (range 1.25 to 10 lb) over periods of 8 to 11 days in 
space. Compared with the Mercury and Gemini results, there appears to be a roughly 
direct correlation between duration of exposure and weight loss. Fluid, and associated 
electrolyte losses, have been implicated as  responsible for most of the weight change, 
but the associated reduction in work capacities and bone densities would suggest that 
some loss of musculosketetal mass also progressively occurs. Musculoskeletal 
deterioration cannot be tolerated by the human body for indefinite periods of time. A 
determination of the rates of chemical imbalance may allow specific countermeasures 
to be tested for effectiveness and, selectively, made operational. Body mass measure- 
ments, in  association with anthropometric, densitometric, fluid balance, and body 
chemistry studies, wil l  provide an index of musculoskeletal alteration in response to 
hypogravitation. 
Major Instruments or Apparatus (experiment-peculiar) include the large mass 
measurement (LMM) device, a facsimile of themachine to be used in the Skylab M172 
Experiment, which uses a linear sprindrnass pendulum, the period of which is deter- 
mined by the mass of the body being measured. The Subject Pre-Test State is the 
same as for Experiment 1-3.la(l) , with the EPO ratings for this factor the same as 
for Experiment I-1.la 
to determine body mass, with EPO ratings for this factor being the same as for 
The Tes i Subject Activity consists of using the LMM device 
1' 
I-3.2f 
1. 
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1' 
Total Time for this experiment and its EPO ratings are the same as for 1-3*la(l) 
The Total Number of Data Points is $4 (two each The repetition Interval is 12 hours, 
day for 42 days). Time per repetition is 35 minutes (15 minutes setup, 10 minutes 
measurement, and 10 minutes cleanup), Time per Data Point is 0,58 hours. The 
Measurement Environment and its E PO ratings are the same as for 1-3.la(l) 
1. 
Experiment Objective Attainment ratings are the same as for 1-3.1atl) Crew 1' Time perga ta  Point is 0.58 hours. Weight and Volume per Experiment are  6 lb. 
and 1.5 f t  . 
1-3.3 Skeletal Experiment 
I-3.3a Bone Density - The Objective is to determine the changes in bone density 1 as a function of duration of exposure to partial gravity. 
The Experimental Source Reference for this study is theAGC. The Measured 
Phenomenon is bone density as  determined by the level of photon absorption. These 
measurements form a necessary part of the assessment of significant adaptive changes 
to hypogravitation. Decalcification of bones, consistently observed in  hypodynamic 
and hypogravitational states, presents a serious biomedical problem for prolonged 
space flights. It may affect the structural integrity of the skeleton during o r  after 
such flights; blood chemistry can be affected and ectopic calcification, principally of 
the urinary tract, may develop. This study wi l l  permit assessment of the magnitude 
of the skeletal changes a s  a function of duration of exposure to partial gravity, pro- 
viding information on responses between zero and normal gravity, and evaluating the 
necessity for, o r  consequences of, possible remedial actions. 
Common-use equipment includes a data management facility to process signals 
from the photon absorptiometer. Major Instruments or  Apparatus (Experiment- 
peculiar) include a mechanical scanner with a radionuclide source and a scintillation 
detector probe. The Photon absorptiometer utilizes a dichromatic (dual photon) tech- 
nique with sealed sources of low-energy radionuclides (I125 and are presently 
considered the most suitable sources) providing the photon beam. Miniaturized 
nuclear instrumentation and a small folding or telescoping scanner are used in the 
bone-scanning system. The technique is nonhazardous and can be self-administered. 
The Subject Pre-Test State is the same as for Experiment 1-3.la(l) , with the EPO. 
ratings for this factor the same as for Experiment I-1.la The Test Subject Activity 
consists of the Subject placing the area to be measured in a holder to ensure reloca- 
tion, and activating the scanner which automatically passes several times across each 
location. The EPO ratings for this factor are the same as for 1-3.la(l) The mini- 
mal bone structures to be monitored are the os calcis (weightbearing) and the fifth digit 
of the hand (non-weightbearing). 
1 
1' 
1' 
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The Total Time for this experiment and its EPO ratings are the same as for 
1-3e1a(1) The repetition Interval is 72 hours, The Total Number of Data Points is 
28 (two per repetition). Subject Time per Data Point is 0.08 hours (0.20 hours if 
measurements are self-administered), The Measurement Environment and its E PO 
ratings are the same as for 1-3e1a(1) 
1' 
l* 
Experiment Objective Attainment ratings are the same as for 1-3*1a(l) Crew 
Time per Yta Point is 0-20 hours. Weight and Volume per Experiment a re  25 lb. 
and 0.22 f t  
1. 
I-3.3b Mineral  Balance - The Objective is to determine gains and losses of 
minerals and nitrogenous constituents as  a function of exposure duration to partial 
gravity. 
1 
The Experiment Source Reference is the AGC. The Measured Phenomena are  
the gains and/or losses of minerals and nitrogenous constituents in urine, feces, sweat, 
and food. These measurements, in  association with data from body mass, fluid 
balance, anthropometric and densitometric studies will facilitate the identification of 
the kinds and rates of musculoskeletal deterioration occurring, allowing specific 
countermeasures to be taken on subsequent flights such as the institution of exercise 
routines and/or the manipulation of dietary constituents. Unchecked, continuous losses 
of minerals and nitrogenous elements can result in the impairment of skeletal and 
muscle integrity and the formation of renal calculi. 
Common-use equipment include data management facilities for the recording of 
digital information. Major Instruments or Apparatus (Experiment-peculiar) include 
a small mass measurement (SMM) device, and equipment for the sampling, transfer, 
storage and analysis of sweat, urine and feces. The Subject Pre-Test State is the 
same as for Experiment 1-3.la(l) with the E PO ratings the same as for Experiment 
141a  The Test Subject Activity consists of assisting in the monitoring of the per- 
tinent bio-functional substances, including food, sweat, urine and feces, the E PO 
ratings being the same as for 1-3.la(l) 
1' 
1' 
1' 
1' 
The repetition Interval is 12 hours. The Total Number of Data Points is 2100: 84 
repetitions, 25 data points per repetition. Subject Time per Data Point is 0.02 hours. 
The Measurement Environment and its EPO ratings are the same as for 1-3.la(l) 
Total Time for this experiment and its EPO ratings are the same as for 1-3.la(l) 
1' 
Experiment Objective Attainment ratings are the same as for 1-3.1a(l) Crew 1' 
Time per p t a  Point is 0.06 hours. Weight and Volume per Experiment are 232 lb. 
and 12.3 f t  . 
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1-3.4 Pulmonary Function 
VOL TI1 
I-3,4a Pulmonary Volumes - The Objective is to determine the changes in the 
various -I! pu monary volumes and capacities as a function of the duration of exposure to 
Oartial gravity. 
The Experimental Source Reference is e GDC. The Measured Phenomena are  
vital capacity, functional residual capacity, inspiratory capacity, expiratory and 
inspiratory reserve volumes, tidal volume, and residual volume. Although changes 
in pulmonary function are not necessarily expected during hypogravitati onal missions, 
it is important that assessments be made of the effects of exposure duration to such 
an environment on the mechanics of breathing and respiratory gas exchange. 
information has direct application in establishing the limitations of man to endure and 
perform in such an environment and in establishing the artifactual environmental 
requirements for his support. 
This 
Common-use equipment include measurement devices for providing cabin pres- 
sure, temperature, and water vapor pressure which are factors pertinent to the 
calcnlation of lung volumes. Data management facilities for processing analog/digital 
information are also required. Major Instruments or  Apparatus (Experiment-peculiar) 
include a servospirometer and a helium supply. 
same as for Experiment 1-3.la(l) , with the EPO ratings for this factor the same as 
for Experiment I-1.la 
mouthpiece and performing the required respiratory maneuvers, the E PO ratings are 
the same as for 1-3.1a(l) 
The Subject Pre-Test State is the 
The T e d  Subject Activity consists of wearing the spirometric 
1' 
1' 
1' 
Total Time for this experiment and its EPO ratings are  the same as for 1-3.1a(l) 
The Total NGmber of Data Points is 56: 7 pul- The repetition Interval is 168 hours. 
monary volumes/capacities, 8 repetitions. Repetition time is 0.75 hours, with Subject 
Time per Data Point equal to 0.094 hours. The Measurement Environment and its 
E PO ratings are the same as  for 1-3.la(l) 
1' 
Experiment Objective Attainment ratings are the same as for 1-3.1a(l) Crew 
1' Time per Data Point ' s  0.22 hours. Weight and Volume per Experimental Equipment 
are  12 lb. and 0.27 f t  . 3 
I-3.4b Respiratory Mechanics - The Objective is to determine the dynamic 1 characteristics of pulmonary ventilation as a function of duration of exposure to 
partial gravity. 
The Experimental Source Reference is GDC. The Measured Phenomena are 
respiratory ventilation characteristics, including pulmonary compliance, minute 
(tidal) volume, maximum inspiratory and expiratory flows, and maximum breathing 
capacity. The same justification pertains to this study as for I-3.4a 1' 
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Common-use equipment include cabin pressure, temperature and water vapor 
measurement devices and data management facilities to process signals, Major In- 
struments or Apparatus (Experiment-peculiar) include an integrating pneumotacho- 
graph, a servospirometer, and an esophageal balloon. The Subject Pre-Test State 
is the same as for Experiment 1-3.la(l) 
as for Experiment I-1.la The Test Su % ject Activity consists of wearing the spiro- 
metric mouthpiece and performing the required respiratory maneuvers, swallowing 
the esophageal balloon when intra-pulmonary pressure measurements are required. 
Subject Activity EPO ratings are the same as for 1-3.la(l) 
with the E PO ratings for this factor the same 
1" 
1' 
1" Total Time for this experiment and its EPO ratings are the same as for 1-301a(1) 
The repetition Interval is 168 hours. The Total Number of Data Points is 40: 8 
repetitions, 5 data points per repetition. The Subject Time per Data Point is 0.15 
hours. The Measurement Environment and its EPO ratings are the same as for 
1" 1-3.la(l) 
1' Experiment Objective Attainment EPO ratings are the same as for 1-3.la(l) Crew Time per Data Point's 0.35 hours. Equipment Weight and Volume per Experi- 
ment are 16 lb. and 0.57 f t  . B 
I -3 .4~ Gas Exchange - The Objective is to determine changes in pulmonary gas 1 
exchange as a function of duration of exposure to partial gravity. 
The Experimental Source Reference is GDC. The Measured Phenomena are the 
0 /CO contents of arterial blood and respiratory gases. While changes in pulmonary 
gas exchange are not anticipated, the possibility does exist that exposure to the 
hypogravitational state may change this vital function by alterations in perfusion o r  
ventilation of the lungs. 
2 2  
Common-use equipment include data management facilities for processing and 
storing test information. Major Instruments or Apparatus (Experiment-peculiar) 
include a MR (metabolic rate) device that measures inspired and expired 0 /CO con- 
tents and alveolar CO and 0 partial pressure, and an ear oximeter to measure 
arterial oxygen saturation. h e  Subject Pre-Test State is the same as for Experiment 
1-3.la(l) 
transducer and respiring as directing, the EPO ratings being the same as for 1-3.la(l) 
2 2  
2 
1. with the E PO ratings for this factor the same as for Experiment 1-1. la The Tes P Subject Activity consists of wearing the MR device mouthpiece and oximetric 
1. 
1' Total Time for thise xperiment and its EPO ratings are the same as for 1-3.la(1) 
The repetition Interval is 168 hours. The Total Number of Data Points is 24:8 
repetitions, 3 data points per repetition. Subj ect Time per Data Point is 0.2 hours. 
The Measurement Environment and its EPO ratings are the same as for 1-3.1a(l) 
1. 
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1' 
Experiment Objective Attainment EPQ ratings are  the same as for 1-3*la(l) 
Crew Time per Data Po' t is 0,55  hour, Equipment Weight and Volume per Experi- 
ment are  35 lb, and 2 f t  
Y 
1-3.5 Renal Function 
I-3.5a Urinalysis - The Objective is to determine changes in volume and char- 
1 
acteristics of the urine speciments. The necessity of performing a comprehensive 
analysis of inflight urine specimens, in order to assay the psychophysiologic response 
to protracted partial gravity, is axiomatic. Among the many functional clues urinal- 
yses wil l  provide will  be pertinent data as to electrolyte balance, dehydration, and 
acid-base status. Data from the crewmemhers of Gemini VI1 showed significant 
decreases in fluid intake and urinary output--not withstanding an initial diuresis-- 
during flight, marked decreases in the urinary excretion of sodium, potassium, and 
chloride ions during flight, elevation of aldosterone during flight in  the face of normal 
sodium intake, considerable increases i n  catecholamine excretion immediately follow- 
ing reentry, and a significant decrease in  17 -hydroxycorticosteroids during flight. 
Overall data from crewineinbers from Apollo missions seven thru 11 show a very 
significant elevation in postflight urinary excretion of hydroxyproline versus pre- 
flight, with significant decrsascs i:i sodium, ptassium and chloride in the imnicdiate 
pcstfliglit periods. 
Cornmon-use equipmetit include data management facilities for processing and 
storing digital information. Major Instruments or  Apparatus (Experiment-peculiar) 
consist of equipment for the collection and storage of the urine specimens, and the 
analysis of 25 of its chemical and physical characteristics including osmolarity, 
sediments, volume, specific gravity, pH, sodium, patassium, chloride, calcium, 
inorganic phosphate, magnesium, urea, total nitrogen, amino nitrogen, creatine, 
creatinine, hydroxyproline, glucose, occult blood, ketones, bilirubin, bile, steroids, 
and catecholamines. The Test Subject Pre-Test State is the same as for Experiment 
1-3.la(l) , with the EPO ratings for this factor the same as for Experiment 1-1.1a 
The Test Subject Activity consists of monitoring his urine outputs, the EPO ratings 
being the same as for 1-3.1a(l) 
1' 
1" 
1' Total Time for this experiment and its EPO ratings are the same as for 1-3.1a(l) 
The repetition Interval is 12 hours. The Total Nfirrber of Data Points is 2100: 25 data 
points per repetition, 84 repetitions. Subject Time per Data Point is 0.02 hour. The 
Measurement Environment and its EPQ ratings a re  the same as for 1-3.1a(1) 1" 
1' 
Experiment Objective Attainment E PO ratings are the same as for 1-3.1a(l) 
Crew Time per Data P o i 3  is 0.06 hours. Equipment Weight and Volume per Experi- 
ment are 190 lb. and 13 f t  . 
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I-3.5b Renal Function - The Objective is to determine changes in  renal function 
1 and the secretion of hormones affecting urine volume as a function of duration of expo- 
sure to partial gravity. 
The Experimental Source Reference is the AGC. The Measured Phenomena are 
renal blood flow and the excretion levels of antidiuretic hormone (ADH) and aldosterone. 
One of the characteristic responses to hypogravitational exposure o r  its groundbased 
physiologic simulations is a significant diuresis that may decrease the baseline plasma 
volume by 4 to 13 per cent during the first 48 hours of exposure. This effective de- 
crease in blood volume is considered to be one of the major factors in  the consistent 
appearance of orthostatic hypotension immediately following exposure to weightless- 
ness, bed rest, o r  water immersion. Negation of the gravitational component of intra- 
vascular hydrostatic pressure leads to a headward redistribution of blood and a dis- 
tension of the central venous channels thought to produce the diuresis by one o r  a 
combination of three mechanisms: an indirect decrease in secretion of ADH from the 
pituitary, an indirect decrease in  aldosterone release from the adrenal cortex, o r  a 
direct increase in renal blood flow, It is necessary that the mechanisms potentially 
responsible for these urinary volume changes during weightlessness be investigated 
so that the development of effective countermeasures to plasma volume reduction 
can be facilitated. 
Common-use equipment include data management facilities to process and store 
analytical information. Major Instruments or Apparatus {Experiment-peculiar) con- 
sist of equipment for the collection, storage and analysis of urine and blood samples. 
The Test Subject Pre-Test State is the same as for Experiment 1-3.la(l) , with the 
EPO ratings for this factor the same as for Experiment I-Lla The Test Subject 
Activity consists of receiving injections of Para-aminohippuric acid (PAH) and pro- 
viding blood and urine specimens, the EPO ratings for this factor being the same as 
for 1-3.la(l) PAH is a substance that is almost totally removed from the blood in 
one pass through the kidneys and consequently can be used as a measure of renal 
blood flow, PAH is injected into the venous blood and a subsequent blood sample 
represents 90% of renal blood flow in terms of PAH clearance. Urinary ADH and 
aldosterone levels reflect their plasma concentrations. 
1 
1' 
1' 
1' 
The repetition Interval is 12 hours. 
and aldosterone analyses are performed on 12-hour pools throughout the 42 days, PAH 
clearance is determined every 12 hours for the first 48 hours and every 4 days there- 
after for the 42 days. Subject Time per Data Point is 0.039 hours. The Measurement 
Environment and its EPO ratings are the same as for 1-3.1a(l) 
Total Time for this experiment and its EPO ratings are  the same as  for 1-3.1a(l) 
The Total Number of Data Points is 182: ADH 
1. 
1' Experiment Objective Attainment EPO ratings are the same as for 1-3.1a(l) 
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Crew Time per Data Point is 0,189 hours, Equipment Weight and Volume per Experi- 
ment 53 lb, and 2 . 7  f t  
3 
1-3.6 Vestibular and Related Phenomena 
I-3,6a Oculogyral Illusion - The Objective is to provide a relatively sensitive 
coupled angular acceleration stimuli as a function of a prolonged exposure to partial 
gravity. 
measure -I o any changes in  the responsiveness of the vestibular organs to cross- 
The Experimental Source Reference for this study is the AGC. This Experiment 
is to be conducted during Phase V of the mission timeline shown in Figure 31, 
the results to be compared with those recorded while conducting Experiment 1-1. la 1 during Phases I1 and 111. Many of the definition and analysis aspects of this experi- 
ment a re  identical to those of Experiment I-Lla Only those aspects entailing diff- 
erences wi l l  be considered here. I" 
The Subject Pre-Test State is one of having been exposed to prolonged (nominally 
The Test Subject Activity EPO ratings correspond to those of I-1.la and 
42 days) of partial gravity at maximum radius, the EPO ratings being the same as 
are exce lent for all. 
ratings unchanged from I-1.1a 
la(? 1 The Total Time of the Experiment is three days, with the EPO 
The Number of Data Points is 18, reflecting the same 
1' number of data points per tes t? ing repetition as  for 1-1. la 
The g-level Requirements range from 0.15 to 0.55, as a function of the test 
designation of repetitions at each of the three radii (16, 32, and 64 ft. ) at 5 rpm. 
The EPO ratings for g-level are unchanged from I-1,la 
changes the EPO ratings for this factor, relative to I-1.la , to excellent for all EPQs. 
Experiment Objective Attainment EPQ ratings, relative to 1-1. la are increased to 
good for EPOs (g), (i), (k), and (kr ) because of the reduced importance of providing 
multi-radial testing to accomplishing the experiment objective, and improved ratings 
on rpm provision. 
The requirement of 5 rpm 
1 
1. 
1' 
I-3.6b thru 1-3.63 - The Objective of each of these experiments is analogous 
\ 1 to that of I-3.6a , to de ermine any changes that have occurred in particular skills 
or  functions as &e result of a prolonged exposure to partial gravity. 
Most of the definition and analysis aspects of each of these experiments is 
identical to its counterpart i n  the group 1-1. lb thru 1-1. l j  
those described in comparing I-3,6a to 1-1. la 
no additional text on these experiments is included. 
the only variations being 1 1' Because of these commonalities, 1 1' 
I-3,7 Neurophysiological Functions 
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I-3.7a Thru I-3,7c - The Objective of each of these experiments is analogous 1 1 
to that of 1-3,6a , to determine any changes that have occurred in particular skills or  
functions as a result of a prolonged exposure to partial gravity. 1 
Most of the definition and analysis aspects of each of these experiments is iden- 
tical to its counterpart in the experiment gruup I-l.2a thru I-1.2~ , the only variations 
being those described in comparing I-3.6a to 1-1. la . Because o these commonali- 
ties no additional text on these experiments is inch  ed. 
f' 1 a 1 
1-3.8 Higher Mental Functions, Motion Sickness 
- 1-3.8 Higher Mental Functions - The Objective of this experiment is analogous 
to that of 1-3.6a to determine any changes that have occurred in particular skills or  
functions as the result of a prolonged exposure to partial gravity. Most of the defini- 
tion and analysis aspects of this experiment are identical to 1-1. 31, the only variations 
being those described or  implied in comparing I-3.6a to 1-1. la Because of these 
commonalities, no additional text on this experiment is required. 
1' 
1 1' 
I. 4.0 Physiological Acclimatization to Zero-q. - This series lasts for 42 days 
(Phase VI1 in Figure 40) and provides the zero-g baseline for the same crew mem3ers 
who will  have been used as subjects in the experiments described above for the arti- 
ficial gravity phases of the mission. The initial phase of the zero-g protocol consists 
of a reevaluation of any tendency for space sickness to occur after a lengthy period of 
partial gravity. The protocol is the same as that for the space sickness evaluation in 
Phase I except that no examination is made of the effectiveness of low levels of g in 
subsequently alleviating the syndrome. Instead, if space sickness does occur in 
Phase VII, its rate of spontaneous disappearance is measured. (In the Apollo missions 
it has not lasted more than four or  five days.) 
Following this series, the major portion is initiated with a test protocol identical 
with that of the partial gravity experiment. The purposes of this repetition is to 
determine the six-week equilibrium level for physiological acclimatization to zero 
gravity and with previously determined baselines on the ground at 1 g. The results 
will  also be compared with similar series carried out in Skylab I. 
1-4.1 Space Sickness (Agravic Syndrome) 
I-4.la Motion Sickness Diamosis - The Objective of this experiment is to deter- 
1 
mine severity of motion sickness signs and synptoms as a function of duration of 
exposure to zero-g following habituation to partial gravity. 
The Experimental Source Reference for this study is the AGC. The Measured 
Phenomena are  the signs and symptoms of motion sickess severity. Both the 
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cosmonauts of second and third generation Soviet space craft and Apollo astronauts 
have reported symptoms of motion sickness concurrent with their exposures to weight- 
lessness, the problem presently theorized to be the result of intersensory conflicts 
caused by the deafferentation of the otoliths and/or the lower body mechanoreceptors, 
Five of the six crewmen on the Apollo 8 and 9 missions reported symptoms ranging 
from mild stomach awareness when head or  body motions were  performed in the weight- 
less environment to nausea and vomiting by one crewman, 
from 2 hours to 5 days after which adaptation allowed movement without symptoms 
occurring, One Apollo 10 crewman also had stomach awareness lasting 2 days. It 
appears that the opportunity to move about more freely in the Apollo cabin and the 
more spacious Soviet craft is a factor producing the motion sickness problem. 
Sensory inputs from the semicircular canals and vision conflict with the signals from 
the deafferented linear gravity receptors, and/or, possible, the altered activity of 
the otoliths enhances the canalicular inputs. 
and can only, be resolved through spacebased experimentation, for it can markedly 
affect astronaut performance a 
The symptoms persisted 
This is a significant problem which must, 
The Major Instruments or  apparatus (Experiment-peculiar) include the Subject 
questionnairs, which are  designed to establish motion sickness severity levels through 
the use of the diagnostic criteria developed at the NAMI, Pensacola. 
severity rating scheme is presented in Experiment I-1.lj 
State is * T C O  npleteff habituation (nominally a 42-day expdsure) to partial gravity with 
non-habituation to zero gravity, the EPQ ratings for this factor being excellent for  
all except EPQ (g) which, due to its small internal volume and minimal habitability 
accommodations is less convenient for  that length of rotation. EPQ (g) is reduced 
to good on this factor. The Test Subject Activity consists of reporting, as they occur, 
the signs and symptoms of motion sickness severity--doing so by responding to the 
questionnaire. EPO ratings for Test Subject Activity are the same as for I-1.1a 
The NAMI 
The Subject Pre-Test 
1" 
The experiment's Total Time is set at 5 days--the longest period of motion 
sickness persistence in any of the manned flights to date, 
lent for all, since all EPOs will be associated with a zero-gravity environment of 
long-duration habitability, Each day! s record of signs and symptoms is considered a 
test repetition, the Interval, therefore, is 24 hours. Number of Data Points per 
Subject per total experiment is 25: 5 repetitions, 5 basic criteria (nausea syndrome, 
skin color, cold sweating, salivation, and drowsiness). Subject Time per Data Point 
is estimated at 0,034 hours, although this is an extremely unpredictable factor, 
The EPQ ratings are excel- 
The g-level environment is nominal zero gravity, with all EPO ratings being 
excellent. Other Measurement Environment parameters are not applicable (NA). 
Experiment Objective Attainment EPQ ratings are  all excellent. 
Point is 0.051 hours, Equipment Weight and Volume a re  not significant, 
Crew Time per Data 
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- The Objective of this experiment is 
1 
1-4. lb 
to determine the tendency to visual illusory responses to head turns performed in 
zero gravity following habituation to partial gravity, 
The Experimental Source Reference for this study is the AGC. The Measured 
Phenomenon is the magnitude of oculogyral illusion, the illusory movement, resulting 
from head rotation of a viewed target fixed relative to the Subject. Following sub- 
stantial habituation to the rotation of artificial gravity, head rotations in zero gravity 
may produce oculogyral illusions (OGYs) by either, o r  a combination of, two mech- 
anisms: The expression of compensatory responses conditioned to null out perrotational 
vestibulo-ocular Coriolis effects, and/or the expression of altered vestibulo-ocular 
responses due to deafferented otoliths. Whatever the causes, it is important to assay 
the net effects, as the magnitude of the OGYs occasioned by head movements can be 
used to predict the probabilities of more ser ims  sensory-motor and neuro-vegetative 
problems occurring before they are initiated. 
Common-use equipment are a restraint chair o r  couch, a verbal instruction tape, 
and a voice log for recording the subjective estimations of the OGYs. Major Instru- 
ments or  Apparatus (Experiment-peculiar) are a bite-board and its attachment to the 
couch, and an OGY target. The Subject Pre-Test State is the same as for Experi- 
ment I-4.la Total Time of 
the experiment and its EPO ratings are the same as for I-4.la as is the repetition 
Interval. Number of Data Points per Subject per total experiment is 65: 5 repetitions, 
13 data points (12 from two sharpened OGYs, and one from a single habituation head- 
turn sequence) per repetition. Subject Time per repetition is 45 minutes (35 minutes 
for sharpened OGYs, 10 minutes for the habituation headturn sequence). Time per Data 
Point is 0,058 hours. 
The Test Subject Activity is the same as for I-Lla 
1' 1' 
1' 
The Measurement Environment is the same as for 1-4. la Experiment Objec- 1' 
tive Attainment EPO ratings a re  the same as for I-4.la 
is 0,006 hours. Equipment Weight and Volume are 8 lb. and 2 f t  . Crew p m e  per Data Point 1' 
1-4. IC Perrotational Oculogyral Illusion - The Objective is to determine any 1 changes in vestibulo-ocular sensitivity to Coriolis stimuli, using the relatively sensi- 
tive measure of the oculogyral illusion, as a function of zero gravity exposure follow- 
ing habituation to partial gravity. 
The Experimental Source Reference for this study is the AGC. The Measured 
Phenomenon is the same as for Experiment 1-1. la 
with the subject' s otoliths at the center of environmental rotation and thus at essentially 
zero-g, wi l l  provide needed data points for understanding the mechanisms of vestibular 
habituation and the otolith/eanalicular interactions. The recovery curve of vestibulo- 
ocular sensitivity to Coriolis stimuli as a function of duration of zero gravity exposure 
This experiment, performed 1' 
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following "complete rotation habituation can be compared with Skylab M131 perrota- 
tional OGY responses--involving Coriolis stimuli, deafferented otoliths, and vestibulo- 
ocular reflexes unhabituated to rotation--, and groundbased post-rotational recovery 
curves involving otoliths exposed to normogravity. 
Common-use equipment are the same as for 1-Lla Major Instruments or 
with the exception that the 1' Apparatus (Experiment-peculiar) are the same as 1-1. la 
unacceptability of short-duration vehicular rotation requres  that a concentric (Subject' s 
head concentric with the spin axis) rotational device be provided in E POs (k), (k' ) and 
(m). The Subject's Pre-Test State is the same as for I-4.la, inclbding the EPO rat- 
ings. The Subject's Activity and its EPO ratings are the same as for 1-1.1a Total 
Time of the experiment and its E PO ratings are the same as for 1-4. la , as  is the 
repktition Interval. The g-level requirements include the provision o # zero gravity 
at the otoliths even while the Subject is being rotated. 
are  excellent for all. 
this factor are the same as for g-level. The RPM requirements range from 0.5 to 
10.0, with the EPO ratings being excellent for all, since EPOs (k), (kf ) and (m) are 
provided with rotating litter chair to provide concentric rotation of the Subject. An- 
gular Acceleration re uirements a re  that angular velocity changes be performed at 
less than 0.1 /second . EPO ratings for this factor are excellent for the short-radius 
EPOs and for the rotating chair that would be used in EPOs (k), (k')  and (m). The 
Number of Data Points per repetition is the same as for 1-1.1a giving a Total Number 
1 of Data Points of 30, Subject Time per Data Point is 0.1 hours. 
1' 
1 
1. 
The EPO ratings for this factor 
The g-Gradient Ratio requirement is one. EPO ratings for 
0 9 
Experiment Objective Attainment EPO ratings are the same as for I-4,la 
Time per Data 
5 lb. and 0.9 f t  for E POs (g) and (i) (they $an be used to provide short-duration 
rotational profiles), and 200 lb. and 19.5 f t  for E POs (k), (k' ) and (m), since they 
must be provided with a device for short-duration rotation. 
Crew 
oint is 0.2 hours. Weight and Volume of Experimental Equipment is 1" P 
1-4 1 Proprioceptive Extinction of Agravic Illusions- The Objective is to deter- 
mine -$what evels of proprioceptive cues are needed to extinguish agravic illusions 
as  a function to exposure to zero gravity following habituation to partial gravity. 
The Experimental Source Reference is the AGC. The Measured Phenomena are 
the shoulder and/or foot pressure levels required to extinguish agravic illusions. In 
determining if these mechanoreceptor cues can attenuate or  extinguish agravic 
illusions while otoliths remain deafferented, significant information will be provided 
as to the cause and prevention of this problem. 
Common-use equipment include data management facilities to record analog 
information, Major Instruments o r  Apparatus (Experiment -peculiar) include shoulder 
and foot harness restraints with servo-controlled tension adjustments. The Subject 
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Pre-Test State is the same as for 1-4. la 
1' the shoulder and foot restraints and increasing their tensions, individually and together, 
until pressure ceilings or illusion extinctions have been reached--whichever occurs 
first. EPO ratings for this factor are the same as for I-4.la 
per Subject per experiment is 20:5 repetitions, 4 data points per repetition (shoulders 
or feet alone; shoulders or feet set at an infra-extinction constant and the alternate 
mode increased to extinction o r  pressure ceiling). Subject Time per repetition is 35 
minutes (10 minutes setup, 20 minutes test, 5 minutes cleanup). Time per Data Point 
is 0.045 hours. Total Time of Experiment and its EPO ratings are the same as for 
1-4. la 
Test Subject's Activity consists of donning 
Number of Data Points 1" 
1. 
1' The Measurement Environment and its EPO ratings are the same as for I-4.la Experiment Objective Attainment EPO ratings are the same as for I-4.Ia 
are 7 lb. and 1.5 f t  
Crew 
Time per Data Poi t is 0.29 hours. Weight and Volume of Experimental % quipment 9 
1-4. le Performance After Gross Body Movement - The Objective is to determine 
perceptual-motor skill immediately following gross body motion as a function of dura- 
tion of exposure to zero gravity after habituation to partial gravity. 
1 
The Experimental Source Reference is the AGC. The Measured Phenomenon is 
the level of perceptual-motor performance. Head movements and gross body move- 
ments appear to be required to initiate the agravic syndrome. 
Within such a context, psychomotor performance could be significantly degraded-- 
especially if the task involved head movements that aggravated the psychophysiologic 
problems. It is necessary that the ability of crewmen to perform a psychomotor 
task interspersed by head motions and gross body movements be determined as a func- 
tion of duration of exposure to zero gravity following habituation to partial gravity. 
Common-use and Experiment-peculiar equipment are the same as for Experi- 
ment I-1.1~ . The Subject Pre-Test State and EPO ratings are the same as for 
d e  Test Subject Activity is the same as for 1-1.1~ with the exception that 
is required to make a single translation around B e test room between each 
sequence of RATER trials. The EPO ratings for the Subject Activity are  the same as 
for I-4.la . Number of Data Points per Subject per repetition is the same as for 
1-1.1~ 'he  Total Time of the experiment is 5 days and the repetition Interval is 
24 hours, giving a Total Number of Data Points per Subject of 900. . Subject Time per 
Data Point is 0.009 hours. The EPO ratings for Total Time are the same as for 
1-4. la 
1' 
1' 
1' The Measurement Environment and its EPO ratings are the same as for I-4.la 
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Experiment Objective Attainment E PO ratings are the saine as for 1-4. la 
Time per Data P o i 3  is 0.018 hours, Weight and Volume of experimental equipment 
a re  4 lb. and 0.6 ft e . 
Crew 
1' 
1 4 2  Vestibular and Related Phenomena - 
I-4.2a Oculogyral Illusion - The Objective of this experiment is to determine 1 the tendency to experience visual illusory responses as a result of head turns per- 
formed in zero gravity following habituation to partial gravity. 
The Experimental Source Reference for this stu2y is the AGC. The Measured 
Phenomenon is the magnitude of the OGY resulting f r o a  each head movement. A s  
such, this experiment differs from Experiment I-1.la only in the fact that the environ- 
ment is not rotating and the gravity level is zero. Tlus experiment differs from I-4.lb 
only in  being restricted to a single cycle of sharpened OGY determinations per repeti- 
tion while 1-4. lb utilizes two cycles of sharpened OGY determination separated by an 
1 habituation headturn sequence. The inclusion of the headturn sequence in 1-4. lb accelerates the habituation process to the zero gravity environment, determining the 
efficacy of this procedure for attenuating the problems of the agravic syndrome, while 
this experiment measures the level of the perceptual. problem without altering the 
course of its development. 
{ 
as for 1-4. la *. Test Subject Activity is the same as for 1-1. la 1 experiment and its EPO ratings are the same as for I-4.la 
tion and Subject Time per Data Point are the same as for 1-l.la 
Environment and its EPO ratings are the same as for I-4.la 
1 
1 
1 
Equipment, Subject Pre-Test State, and the latter' s EPO ratings are the same 
Total Time of the 
ata Points per repeti- 
1' 
f; 1' Measurement 
1" 
Experiment Objective Attainment ratings are the same as for I-4.la Crew 1' 
9. Time per Data Point and Equipment Weight and Volumes are the same as for 1-1.1 
I-4.2b thru I-4.2i - The Objective of each of these experiments is analogous 
to that of 1-4.2a , to de ermine any changes in particular skills o r  functions as the 
result of zero gravity exposure following habituation to partial gravity. , 
It 1 
1 
The importance of these tests relate to the probable need that crew personnel, 
habituated to. artificial gravity, function in subsequent zero gravity on an operational 
basis for duties in zero gravity modules o r  for reentry, o r  on an emergency basis if 
malfunction requires spindown. Most of the definition and analysis aspects of each of 
these experiments are identical to its counterpart in the experiment group I-1.lb 1 thru 1-1. lj (1-1. li Postural Balance, does not have a zero gravity counterpart), 
the only variations being those described o r  implied in comparing I-4.2a to 1-1. la 
Because of these commonalities, no additional text on these experiments is required. 
1 1' 
1" 1 
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I-4,3 Neurophysiological Functions 
1-4.3 thru 1 -4 .3~  - The Objective of each of these experiments is analogous -4. 1 to that of 4.2a , to determine any changes i n  particular skills or  functions as the 
result of zero gravity exposure following habituation to partial gravity. Most of the 
definition and analysis aspects of each of these experiments are identical to its counter- 
part in the experiment group I-l.2a thru I-1.2~ , the only variations being those 
described o r  implied in comparing l-4.2a to 1-1. la 
ties, no additional text on these experiments is required. 
1 
Because of these commonali- 
1 1 *.
1-4.4 Higher Mental Functions, Motion Sickness 
1-4.4 Higher Mental Functions - The Objective of this experiment is analogous 
to t h o f i .  2a , to determine any changes in particular skills o r  functions as the 
result of zero gravity exposure following habituation to partial gravity. Most of the 
definition and analysis aspects of this experiment are identical to 1-1.3 the only 
variations being those described or  implied in comparing I-4.2a to I-1.la 
of these commonalities, no additional text on these experiments is required. 
1 
1' Because 
1 1' 
1-4.5 Cardiovascular System 
1-4.5a(l) Electrocardiogram - The Objective of this experiment is to determine 1 changes in the activities of the heart as a function of duration of exposure to zero 
gravity by recording the scalar sum of the action potentials of the myocardium. 
The Experimental Source Reference for this study is the AGC. The measured 
phenomenon is the time-rate of fluctuations of the scalar sum of the action potentials 
of the myocardial fibers as transmitted to the surface of the body by the body fluids 
acting as a volume conductor. This experiment differs from 1-3.la(Z) only in  the 
fact that the environment is not rotating and the gravity level is zero. Thus, it pro- 
vides the desired comparison with the partial gravity data (1-3.latl) ) and the normo- 
gravity data generated on the ground. 
1 
1 
The equipment is the same as for 1-3.la(l) The Subject Pre-Test State is one 
1. of having been habituated to partial gravity (Phases 11 thru VI in Figure 31 and under- 
going prolonged exposure to zero gravity (Phase VII, the EPO ratings for this factor 
being excellent for all except EPO (g) which is less convenient in providing the partial 
gravity habituation. Test Subject Activity and its EPO ratings are the same as for 
1-3.la(l) . Total Time of the experiment is the same as 1-4. la with the EPO ratings 
excelled for all. Repetition Interval, Number of Data Points, and Subject Time per 
Data Point are all the same as 1-3.la(l) 
ratings are the same as for I-4.la 
1' 
Measurement Environment and its EPO 
1. 
1" 
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Experiment Objective Attainment EPO ratings are the same as for I-4,la 
Time per Data Point, and Weight and Volume of Experimental Equipment are $ he 
same as for 1-3*la(l) 
Grew 
1. 
thru 1-4.5h(4) - The Objective of each of these experiments is analo- 
1 
1-4.5a(l) , to betermine any changes in particular functions as the 
result of prolonged zero gravity exposure. Most of the definition and analysis aspects 
of each of these experiments are identical to its counterpart in the experiment group 
1-3.la(2) thru 1-3.lh(4) the only variations being those described o r  implied in com- 
paring 1-4.5a(l) to 1-3. a(1) Because of these commonalities, no additional text 
on these experiments is required. 1 *.
5’ 1 1 
1-4.6 Fluid Balance and Skeletal Experiments 
I-4.6a thru I-4.6i - The Objective of each of these experiments is analogous 
1 1 to that of 1-4.5a(l) to determine any changes in particular functions as the result of 
prolonged zero gravity exposure. Most of the definition and analysis aspects of each 
1 of these experiments are  identical to its counterpart in the experiment group I-3.2a thru I-3.3b , the only variations being those described or implied in  comparing 1 
1-4.5a(l) to 1-3.la(l) Because of these commonalities, no additional text on these 
experiments is required 
1’ 
1 1’ 
1-4.7 Pulmonary Function 
I-4.7a thru I-4.7~ - The Objective of each of these experiments is analogous 1 to that of 1-4.5a(l) , to Aetermine any changes in particular functions as the result of 
prolonged zero gravity exposure. Most of the definition and analysis aspects of each 
of these experiments are identical to its counterpart in the experiment group 3.4a 
thru 3 . 4 ~  the only variations being those described o r  implied in comparing I-4.$a(l)l 
to I-3.la( r ) . Because of these commonalities, no additional text on these experiments 
is required. 
1 
1-4.8 Renal Function 
1-4. 8al thru I-4.8b - The Objective of each of these experiments is analogous 
to thatof 1-4.5a(l) , to a etermine any changes in particular functions as the result of 
prolonged zero gravity exposure. Most of the definition and analysis aspects of each 
of these experiments are identical to its counterpart in the experiment group I-3.5a 
to 1-3. l(l)l. Because of these commonalities, no additional text on these experiments 
is required. 
1 
1 
and I-5b , the only variations being those described o r  implied in comparing 1-4.5a( \ ) 
1-5.0 Physiological Reconditioning - It is hypothesized that artificial gravity 
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will  be beneficial in overcoming the physiologic deconditioning (or zero-g adaptation) 
that will  take place during prolonged zero-g exposure, Space flight experience to date 
has shown that there are certain measurable changes in the cardiovascular and musculo- 
skeletal systems associated with zero gravity exposures. Although these changes have 
not been detrimental in flight, postflight measurements have shown a reduction in 
tolerance to lower body negative pressure (LBNP) and vertical tilting and altered 
body fluid balance and bone desnity. Most of these observed changes have returned to 
near base line levels within 48 hours after reentry. The extent to which they occur in  
long duration flights and the time line of their manifestation wil l  be assessed in greater 
detail in Skylab I as well  as i n  the artificial-g study. There is no available data to 
predict physiologic conditions as measured. Moreover, to date there has been in- 
adequate attention paid to tolerance to g forces thai- will  be imposed on crew members 
by shuttle type reentry vehicles after their exposure to weightlessness. 
The purpose of this experimental phase (Phase VI11 in Figure 31 ) is to determine 
what effect 72 hours of artificial-g exposure immediately before reentry wil l  have on 
acclimatizing the crew to earth-normal conditions. The experimental method to 
accomplish this is initiated five days before reentry, with the EPO being spun up to 
maximum tolerated o to give a maximum g-level. The tolerance limit to angular 
velocity will be determined as that point at which the first crew member exhibits any 
untoward physiologic or  psychologic discomfort, incapacitation of any degree being 
carefully avoided. This g-level wil l  be achieved in a stepwise fashion, with each 2 
rpm step of minimum duration so that no more than 48 hours is required to reach 
maximum g. This level will be maintained for 72 hours. A t  each rpm step and during 
the first 12 hours after the ceiling is reached, angular velocity tolerance wil l  be tested. 
During the 72 hours at maximum g, the appropriate tests of cardiovascular function, 
fluid balance and skeletal function wil l  be performed. The vehicle will  then be de-spun 
and reentry accomplished as soon as possible thereafter, 
1-5.1 Vestibular and Related Phenomena 
1-5. la thru 1-5. li - The Objective of these experiments is to determine angular 1 velocKo!erance following habituation to zero gravity. Most of the definition and 
analysis aspects of each of these experiments are the same as those of their counter- 
part in experiment group I-1.la thru I-1.lj . Only those aspects entailing differences 
wi l l  be discussed here. The Su b ject Pre-Jest State for the group is one of initial 
habituation to zero gravity due to the preceding 42-day exposure, with a complete ab- 
sence of, or only partial, habituation to each spin rate/g-level environment--depend- 
ing upon the position of the individual test in the battery sequence. 
1-5.1 
For example, 
and I-5.le tasks are performed after some habituation has been acquired due 
1' 
to the 4 substantial h ead movements required by I-5.k 
Total Time of each experiment is 2.5 days, with repetition intervals of 12 hours. 
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as the O r b i ~ r  r o  
experiments, 
Experiment Objective Attainment E ratings are improved relative to Phase II,/ 
111, for several of the experiments in the group since the rpm (the most critical inde- 
pendent variable) provision ratings are unchanged and the multi-radius testing required 
and which indirectly lowered their attainment ratings--is not required in Phase VIII. 
The ratings are improved to good for all EPOs. The essentially unchanged experiments, 
relative to  Phases II/III Experiment Objective Attainment EPO ratings, are 1-5.1 
and 1-5. le (their positions in the battery sequence reduce their effectiveness as tests 1 of rotahonal tolerance) and 1-5. lg thru 1-5. li (which involve functions that are princi- 
pally sensitive to g-level, rather than spin rate. 
4 
1 
1-5,2 Neurophysiological Functions 
I-5.2a thru I-5.2~ - The Objective of each of these experiments is analogous 
1 to that of 115. la thru 1-5. l j  , to determine any changes that have occurred in the 
angular velocity tolerance o# particular skills or functions as the result of prolonged 
exposure to zero gravity, 
1 
Many of the definition and analysis aspects of each of these experiments are 
identical to those of its counterpart in the experiment gm up I-l,2a thru 1 4  2c 1 1’ 
only variations being those described or implied in comparing group I-5.1al thru 
I-5.1) with group I-1,la thru 1-1.Ij 
text on these experimen s is required. 
the 
Because of these commonalities, no additional 
le 4 1 
1-5.3 Higher Mental Functions, Motion Sickness 
e Objective of this experiment is analogous 
termine any changes that have occurred in the 
s o r  functions as the result of prolonged 
on and analysis aspects of this experi- 
riations being those described o r  
ith group 1-1. lal thru 1-1. lj,. Be- 
on these experiments is required. 
1-5.4 Cardiovascular System 
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1-5. 4a(l)l - The Objective of this experiment is to determine 
the response of the cardiovascular system to the reconditioning loading of artificial 
gravity following prolonged exposure to zero gravity, the response index being the 
electrocardiogram. Many of the definition and analysis aspects of this experiment are 
the same as  those of Experiment 1-3.la(l) 
will  be discussed here. 
Only those aspects entailing differences 1" 
The Subject Pre-Test State is one of habituation to zero gravity followed by some 
vestibular habituation to artificial-g due to a gradualized (two-day) spinup to 1-0 g. 
Total Time of the experiment is 3 days) the last three days prior to abrupt spindown 
and reentry). The repetition Interval is 24 hours. The Measurement Environment 
specifications are a g-level of 1.0, a g-Gradient Ratio of 0.06, and a spin rate not 
exceeding 10. The Measurement Environment E PO ratings are the same as for 1-5. la 1. 
Experiment Objective Attainment EPO ratings are the same as the g-level ratings, 
since the validity of the experiment is contingent principally on the capability of pro- 
viding the specified g-level. 
1-5.4a(2) thru 1-5.4h(4) - The Objective of each of these experiments is analo- 
gous to that o& 1-5.4a(l) tha \ is, to determine if there are any changes in particular 1' cardiovascular responses to artificial gravity loading as  the result of prolonged ex- 
posure to zero gravity. 
Many of the definition and analysis aspects of each of these experiments is 
identical to its counterpart in the experiment group 1-3.la(2) thru 1-3.lh(4),, the 
only variations being those described or implied in comparing I-5.4a(l) to I-3.la(l) 1 
Because of these commonalities, no additional text on these experimen 1 s is require$. 
1-5.5 Fluid Balance 
I-5.5a thru I-5.5f - The Objective of each of these experiments is analogous 1 1 to that of 1-5.4a(l) 
responses to artificial gravity loading as the result of prolonged exposure to zero 
gravity, 
to determine if there are any changes in particular physiological 
1' 
Many of the definition and analysis aspects of each of these experiments is 
identical to those of its counterpart in experiment group I-3.2a thru I-3.2f , the only 
variations being those described o r  implied in comparing 1-5.4a(l) to 1-3.la(l) 
Because of these commonalities, no additional text on these expenments is required. 
1 1 
1. L 
1-5.6 Skeletal Experiments 
I-5.6a and I-5.6b - The Objective of each of these experiments is analogous 1 1 
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to that of 1-5.4a(l) 
responses to artificial gravity loading as the result of prolonged exposure to zero 
gravity. 
to determine if there are  any changes in  particular physiological 1’ 
Many of the definition and analysis aspects of each of these experiments is iden- 
tical to those of its counterpart in experiment group I-3.3a and I-3.3b , the only 
1 variations being those described o r  implied in comparing 1-5.4a(l) to !-3.la(l) 
Because of these commonalities, no additional text on these experiments is required. 1* J 
1-5.7 Pulmonary Function 
I-5.7a thru I-5.7~ - The Objective of each of these experiments is analogous 
to that of 1-5,4a(l) 
responses to artincial gravity loading as the result of prolonged exposure to zero 
gravity. 
1 to betermine if  there are  any changes in particular physiological 
l’ 
Many of the definition and analysis aspects of each of these experiments is identi- 
cal to those of its counterpart i n  experiment group I-3.4a thru I-3.4~ the only 
variations being those described or  implied in comparing!-5.4a(l) to 5-3. la(l)l. 
Because of these commonalities, no additional text on these experiments is required. I 
6.0 Space Sickness - The term space sickness (also termed the agravic syndrome), 
a s  used in this experiment, will  include all stages nf the development of the syndrome. 
Thus, it will  include illusions of inversion and of other changes in body position, dis- 
orientation, sensations of dizziness, anorexia, headache, stomach awareness, nausea, 
vomiting and fatigue. The picture as discussed previously under Experiment 1-4. la 1’ is apparently identical with that produced in motion sickness, except that it can be 
present even when there is little o r  no vehicular motion. 
Space sickness has been observed in at least three Russian Cosmonauts, in a 
very mild form in Gemini VII, and more seriously in Apollo 8, 9, and perhaps 7. In 
the Apollo 8 and 9 missions, five out of six crew members were affected, one seriously 
enough to cause vomiting and performance decrement. Current knowledge of the 
space sickness syndrome is very limited. 
The current major theory is that disagreement between major sensory input 
channels as to the force field to which the body is exposed leads to the development of 
the syndrome. In weightlessness, vision and cognition indicate the normal environment, 
while proprioception and the otoliths tend to indicate free fall.  The Russians noted in 
the Voskhod I1 flight that these illusions disappeared as the reentry g’ s were applied. 
Artificial -g should do the same. 
Since space sickness is induced only in weightlessness, no detailed experimental 
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work is currently underway. 
of the astronauts on Apollo Missions 
Additional data is available from zero-g parab 
must always be interpreted with caution because of the short duration and the com- 
plications of the aircraft maneuvers. 
cted are the subjective sensations 
ted with the space sic 
ights in aircraft, but these results 
The hypothesis underlying this experiment is that any space sickness which may 
be present during the weightless period of flight (Phase VI1 in Figure 31 wil l  be 
alleviated at some g-level achieved by vehicle rotation. The purpose is now to find out 
at what g-level this occurs. 
The test protocol consists of two stages. The fizst stage, carried out soon after 
the initiation of weightlessness, wil l  be an assessment of any space sickness that 
might be present. This will  be established by two methods: questionnaires and ob- 
jective tests. The questionnaire wil l  be similar to that used at NAMI to establish the 
presence of motion sickness. It wil l  be filled out by each of the crew mexnbers during 
the weightless period both prior to and concurrent with the conduct of the objective 
tests. There will be several objective tests. 
carrying out standardized head movements according to the regular Graybiel standard- 
ized NAMI schedule for assessing incidence of motion sickness in the slow rotating 
room. Coriolis vestibular stimuli must be avoided, therefore the test is designed 
to examine susceptibility to motion sickness as it might be induced by interaction 
of a weightless otolith system with a normal series of head movements. Quantitation 
is possible by comparison with similar tests carried out on the ground. The next 
experiment consists of the crew member undergoing a modified version of the Skylab 
M131 test, to examine the vestibular Coriolis thresholds at zero-g. In the next test, 
the rew member intersperses a perceptual motor console task with required head 
movements and planned traverses of the working compartment. The final test assesses 
the extent to which the syndrome may be altered or  alleviated by procedures such as 
the application of pressure to different parts of the body. 
The first test consists of the crew member 
The second stage of the protocol begins with the vehicle being spun up to a low 
g-level followed by a determination of the extent to which any space sickness which 
may have been present during the weightless period has been attenuated. The assay 
will consist of a summary type of questionnaire, tegether with a repeat of the objective 
investigations de scribed above e 
1-6. Oa Motion Sickness Diagnosis - The Objective of this experiment is to de- 
l 
termine severity of motion sickness signs and symptoms as a function of exposure 
to zero-g following orbital insertion. Many of the definition and analysis aspects of 
this experiment are the same as those of Experiment I-4,la 
entailing differences will  be discussed here. 
Only those aspects 
1" 
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re-Test State i s  one of non-habituation to zero gravity, the E 
ratings being excellent for all, The Total Time of the experiment is 1,5 days, the 
repetition Interval not to exceed 12 hours, The number of data points per repetition 
is the same as for I-4,la giving a total Number of Data Points per experiment of 
1 15, The Measurement Environment and its EPO ratings are the same as for Experi- 
ment I-4,la with the exception that a final repetition is to be conducted at the mini- 
1 mal g-level that appears to extinguish the motion sickness aspects of the space sick- 
ness syndrome, Experiment Objective Attainment E PO ratings are excellent for all. 
1-6. Ob thru 1-6, Oe - The Objective of each of these experiments is analogous 
to that of 1-6. Oa , to deiermine severity of manifestation of particular aspects of the 
space sickness syndrome as  a function of exposure to zero-g following orbital in- 
sertion. Many of the definition and analysis aspects of each of these experiments are 
ideEtical to those of its counterpart in experiment group I-4.lb thru I-4.le the only 1' 
i 1. Because of these commonalities, no additional text on these experiments is required. 
1 
1 
variations being those described or implied in  comparing 1-6. 6 a to I-4.la 
1-6, Of Artificial -g Extinction of Agravic Syndrome - 1 The Objective is to deter- mine the amount (a product of duration and g-level) of artificial-g required to ex- 
tinguish the symptoms of the agravic syndrome. 
The Experimental Source Reference is the AGC, The Measured Phenomena are  
the extinctions and/or attenuations of the motion sickness signs and symptoms of the 
space sickness syndrome, and the g-level and duration at which they occur. The Sub- 
ject Pre-Test State and EPO ratings are the same as for 1-6, Oa The Subject Activity 
consists of reporting the changes in space sickness symptoms as a function of arti- 
ficial -g exposurer the E ratings being excellent €or all. The Total Time of the 
experiment is approximately 0,5 days, although this figure is somewhat arbitrary. 
The EPQ ratings for this factor are excellent for all. The Number of Data Points 
is not fixed and the §ubject Time per Data Point not significant. The g-level re- 
quirement is estimated to be no greater than 0,05 g, the g-Gradient Ratio set at 0.19, 
and the rpm restricted to 2, the first step of the Phase II/III angular velocity tolerance 
testing, The Orbiter roll mode is assumed for the performance of this experiment, 
which provides an excellent EPQ rating on Measurement Environment for all Ems. 
1' 
Since the validity of the experiment is principally determined by the EPOs cap- 
ability to provide the required g-level without exceeding 2 rpm, the Experiment 
Objective Attainment E PO ratings are the same as the g-level ratings and are  ex- 
cellent for all Ems, Crew Time per Data Point, and Equipment Weight and Volume 
are all non-significant, 
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, Performance 
ormance md ime are considered to  
elements for considering a where the benefits and deficiencies of 
artificial gravity ilzust be traded off with those of weightlessness. Performance 
and habitability are related as performance is regulated by the unique characteris- 
tics of the artificial gravity environment and habitability is the tailoring of space, 
equipinents, and architecture to obtain and sustain optimum performance in the 
unique environment . 
The proposed perforinance experiments are d-signed, therefore, to examine 
specific elements of hmnan performance that may be sensitive to the characteristics 
of artificial gravity. Generally, these characteristics do not exist in earth's gravity. 
Some relate to static conditions such as the g-level, the gravity gradient, and hydro- 
static pressure variations. Others relate to dynamic conditions where man o r  objects 
are moved within the environment, and include Coriolis forces and cross-coupled 
angular accelerations. It may be that each characteristic will influence performance. 
It is not known which are most critical to performance or to which inan can adapt with- 
out decrements in performance. Some are dependent on position and direction of 
motion and the influence of the characteristics will not be consistent so that adap- 
tation may be difficult, Superimposed on human perforinance is man's neurophysio- 
logical tolerance to the rotating environment. This basically has been considered an 
adaptation to rotation, where such adaptation occurs by continued exposure of inan 
moving, particularly his head, in the environment a d  is measured by psychomotor 
performance equivalent to that without rotation. Whether such adaptation constitutes 
an acceptance of the environment for  extended periods is not clear. Decrements 
in performance could be experienced during such extended periods. 
The sub-categories of performance for which experiments are proposed are: 
Self-locomotion 
Artificial-g/zero-g transition 
Cargo handling 
Gross Motor Performance 
Fine motor performance 
Taxis 
Passive radial locomotion 
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the AGC does not 
-category - in contrast with the ined 
logical e ~ r i i n e ~ s *  
.. 
11-1.0 Self-Locomotion - The common objective of the experiments in this sub- 
category is to define the effectiveness of self-locomotion - both walking and climbing 
- within a nominal range of artificial gravity environments. 
The peculiarities of a rotating environment are such as to  cause earaneous 
forces and inoinents to be experienced by persons while walking and climbing that may 
cause dif€iculties and discomfort. Calculations of these factors have been inade; 
however, experimentation of their influence is required. 
A limited number of walking tests have been performed in the slow rotation 
room at NAMI with the Subjects horizontal with respect to the earth vertical. For 
this purpose the Subjects were fitted with articulated fiberglass body molds which 
were supported by airbearing supports. The Subjects were therefore free to walk on 
the walls of the rooin. Although examination of walking ability was not the principal 
object of these tests, the results in general indicated that subjects could walk reason- 
ably well at the 0.2 to 0.25 g levels (at a 10 foot radius). Some preliminary tests in 
the LRC rotating vehicle simulator were made with subjects suspended froin slings and 
walking on a circular wall of 20 foot radius. The preliminary indications were that 
the subjects could walk at artificial glevels as low as 0.14 g, although the subjects 
accelerated rather slowly at that low glevel. A t  higher glevels (0.5 g and above) 
subjects reported leg heaviness and sensations of climbing out of depressions. The 
tests performed were mainly subjective in nature and objective results am required 
to establish how the various artificial-g factors will affect the subject's performance, 
Tests performed in the 1/6 g simulator at LRC indicated a comparative ease of loco- 
motion at the 1/6 g level which was later confirmed by the lunar walks. 
In the spacebased artificial-g experiments it is necessary to  determine the mini- 
inmn $-level required for locoinotion and the glevel and radius of rotation at which 
the locoinotion is most efficient, since the groundbased data are biased by the earth 
gravity vector, Similarly, the inaxhum speeds of walking with and against rotation 
and energy expenditures of perrotational self-locomotion must be verified in artificial- 
g, In artificial-g, axial walking as well as walking tangentially with and against rota- 
tion will be used by the astronauts. While considerable experience in walking with 
and against rotation will probably be obtained in groundbased tests very little data 
will be generated in axial walking because of the constraints required to support the 
subject in the horizontal attitude, also very little data will be generated in the ground- 
based tests for the case where the subject turns to reverse his direction. Since 
Coriolis forces will not be generated in axial walking, while they are in walking tangen- 
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aried, Therefore, experiments in the a 
hether any serious problems exist, 
Although estimates of the e cts of crew motions on station st 
made on the basis of groundbased experiments, measurements in artificial-g are 
required to substantiate these estimates. 
II-10 11 - The Objective is to determine 
the minimum-g required for self-locomotion - both for walking and climbing - within 
a nominal range of artificial-g environments , 
The Experimental Source Reference for this study definition is the AGC. The 
Measured Phenomena are the subject's walking and climbing effectiveness in various 
rpm/g-level environments as characterized by subjective, cinegraphic, and time-and- 
motion assays,, Coininon-use pieces of equipment involved are two event timers and 
two cinegraphic cameras. Major Instruments or Apparatus (experiment-peculiar) are 
anthropometric grids, an array of locomotion support options - including stairs, 
ladders, and conventional mobility aids such as rails and handholds - and the subject 
questionnaires. The support options are storable and can be alternately positioned 
and secured in both tangential and axial orientations. 
A s  this experiment extends through Phases II, 111 and IV of the AGC mission pro- 
file depicted in Figure 31, the Subject's Pre-Test State is one of exposure to prolonged 
rotation with substantial habituation to each specific rpin/g-level, The EPO ratings 
for this factor are the same as for Experiment 1-1.31 with the exception that. E P  
is reduced to fair because of the 57-day duration of the experiment, The Test 
Subject's Activity consists of his perforining the self-locomotion activities and inaking 
subjective evaluations of each locomotion task. A t  each of the 13 rpm/g-level environ- 
ments tested during Phases It and III, subject perforins 54 self-locomotion trms: 
three trials in each of the 18 treatment cells required in a testing matrix reflecting 
three supporting surfaces (flat floor, ladder and steps), two paces (nominal and 
fastest), and three orientations (two tangential and one axial). Cine evaluations 
are facilitated by the subject wearing stretch clothing adorned with longitudinal 
reflecting stripes and performing each locomotion task against the photo background 
of two-dimensional anthropometric grids, Each trial is one 2omplete cycle of move- 
ment whether climbing or walkingo The event t imer records elapsed duration for 
each unidirectional part of the cycle, During Phase IV (the 42-day partial-gravity 
phase of the experiment), each of the three repetitions conducted at each rpm/g- 
level also consists of 54 trials: three trials each in 18 treatment cells reflecting 
the two pacess the three orientations, and three supporting surfaces (all flooring: 
flat, curved or segmented). $90 xr%-Ags for this factor are fair for EPO (g) 
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(small noor area), and exce (L 
e as was detaile 
of the lower habi tab i l i~  of the small experiment area for 57 day 
rated excellent on this factor with the exception of EPO 
(in) which is limited to 15 day deployment and is rated as fair, Interval ranges from 
24 hour during Phases 
repetitions 
ment to inaxiinize the chances for detecting any changes due to long-duration adaptation 
to partial gravity. Total Number of Data Points are 198 (117 during 11 and III, and 81 
during Phase N). Subject Time per  Data Point averages 0,121. Repetition iime is 
1 hr (20 inin. setup, 30 test, 10 cleanup), Data Points for Phases 11 and III are 117 
(product of 13 rpin/g-levels, 3 support surfaces, and 3 orientations). Data points 
during Phase IV are 81 (product of 3 radii, 3 support surfaces, 3 orientations, and 
3 exposure durations to partial gravity), The requirements of the Measurement En- 
vironment are the same as for Experiment 1-l,lal and the rationale is detailed there. 
The EBO ratings for those factors are the same as for Experiment 1-1. lil (Postural 
Balance) and are discussed in its text. 
to  672 hour during Phase Ev. The nine Phase N 
are scheduled three each on the 22nd, 29th and 57th days of the experi- 
Considering the capability of each EPQ for Experiment Objective Attainment 
the test objective is to determine ininimuin self locomotion -g requirements at pro- 
gressive levels of rpm before significant habituation to that rate(or g-level) has 
occurred, and at several different radii at each rpm, which are rated at 2 points 
and three points respectively. Total rating values are then established at 1 through 
5 corresponding to marginal through excellent, with some additional weighting in 
consideration of coriolis/gravity ratio. A s  in Experiment 1-1. l a  
and (k') are rated fair while EPO (m) is given a good rating. 
EPOs (i) , (k) 1' 
Experiment Objective Attainment ratings are llpoorll for EPO (g) as the coriolis/ 
gravity ratio is well outside the functional envelope for the 10 ft. radius, leaving 
only one good radius point for experimentation. This rating is even inore emphatic 
than that for I-leli, because of lower Subject Pre-Test State ratings. A s  with 
Experiment 1-1, l a  
raise the ratings o# all EPQ's at least one increment Le. to good for (i), (k) 
and (k') and excellent for EPO (m). 
it should be noted that appropriate experiment redesign can 
II-lo2, Maximum Self-Locomotion Speed - The Objective is to determine the 
maximum $ontrolled self-locomotion speeds - for both walking and climbing - that 
the subject is capable of within a nominal range of artificiabg environments. This 
experiment represents only a change in application of the data derived in 
no empirical factors being altered, There would be no practical advanta 
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throughout the p r o t o ~ l ~  so this was not 
11-1.3, Self-Locomotion Enerm Requirements - The Objective is to determine 
the metabolic energy requirements for self-locomotion - both walking and climbing - 
within a nominal range of artificial-g environments. 
The Experimental Source Reference for this study definition is the AGC. The 
Measured Phenomenon is the subject's active metabolic rate (AMR) as a function of 
his self-locomotion task per€ormances at the various rpm/g-levels characterizing the 
range of artificial graviiy. A s  this experiment involves simply AMR monitoring of 
the subject while performing the II-1 . 1 activities, only those factors not included in 
the 11-1.1 discussion will be presented here. The only addition to the Major Instru- 
of B face mask that integrates the subject's respiratory gases in a closed-circuit sys- 
tem with an 0 -C02 analyzer that can be worn either as a chest- or  back-pack, the 
pack including a transmitter for real-time FM delivery to a remote recorder. 
ments o r  b pparatus (experiment-peculiar) is the portable AMR inonitor which consists 
2 
Number of Data Points is 396: 234 during 11 and III (13 rpin/g-levels, 3 supports, 
2 pacesa and 3 orientations) and 162 during IV (3 radii, 2 paces, 3 orientations, 3 
supports and 3 durations of partial gravity exposure). Subject Time per Data Point is 
0.061 hr. Crew Time per Dat3 Point is 0,122 hr. Weight per Experiment is 24 lb. 
Volume per Experiment is 6 ft . EPO evaluation ratings are the same as for It-1.1 
1. 
H-1.4 Self-Locomotion Effects on Station Stability - The Objective is to  
determine the station perturbation effects due to subject self-locomotion - both for  
walking and climbing - within a nominal range of artificial% environments, so as to  
assist in defining station stabilization requirements. 
The Experiments Source Reference is the AGC, The Measured Phenomena are 
the real-time outputs of impact force detectors built into the various locomotion sup- 
port structures and accelerometers attached to the subject and the station structure, 
as a function of the self-locomotion task performances at the various rpm/g-levels 
characterizing the range of artificial gravity. A s  this experilnent involves simply 
those measurements while the subject is performing the I[-1.1 activity schedule, 
only those factors not included in the 11-1.1 discussion are presented here. AS the 
impact force detectors are integral elements of the locomotion supporting structures, 
only the accelerometers mounted on the subject and the station are additional Major 
Instruments o r  Apparatus (experiment peculiar) . The man-mounted accelerometer( s) 
contain their own FM transmitters or  are hard-wired to  a man-mounted multi-channel 
transmitter, and they are miniaturized so as not to  affect his performance when 
mounted to  such body points as  the ankles, knees, hips, shouldersa elbows, wrists 
1 
1 
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forces can be taken directly froin imbalance sensor 
output, Other EPOvs are rated as good. 
E-2.0 Artificial-g/Zero-g Transition - The common objective of the experi- 
ments in this sub-category is to determine the effects on crew performance of rapid 
transitions between artificial-g and zero-g environments, both as a function of the 
magnitude and the frequency of the transitions. 
One means of isolating docking facilities, scientific zero-g experiments and 
target pointing mociules froin crew artificial gravity living quarters is to provide 
future space vehicles with both a non-rotating and a rotating section. An important 
consequence of this configuration is that the crew would be required to transfer fre- 
quently froin the rotating to the nonrotating environment and back again if they are 
to benefit froin exposure to artificial gravity and still be able to carry out their ex- 
perimental and operational tasks in zero-g. Depending upon the hub constraints, the 
inertial transition might be effected by rotating the hub into and out of synchrony with 
the artificial gravity volume (passive execution), or the hub kept space-fixed (in zero- 
g) and the transition effected either by crew locomotion (active execution) or by 
use of an intermediary variable-rotating device (passive execution). These opera- 
tional considerations raise pertinent questions that must be answered prior to the 
initial artificial gravity station design. The problem areas involved, whether execu- 
tion is passive or active, may be categorized as to their phase of occurrence: (1) 
transfer phase - the immediate problems of effecting the physical transfer across 
the inertial interface, (2) zero-g phase - crew function problems in the nonrotating 
environment that may be related to prior rotational habituation, and (3) artificialr-g 
phase - crew function problems in the rotation environment following return from a 
zero-g volume and related to loss of perrotational habituation. Nearly all of the large 
number of groundbased rotation studies that have been performed have been concerned 
to some degree with the psychophysiologic effects of activities in either the nonrotating 
and/or rotating environmental mode following graduated (non-square wave) passive 
transition froin oaie mode to the other. Only one study, a pilot experiment recently 
performed at GDC , involved square-wave inertial transfers (subjects locomoting 
abruptly across the interface separating rotating and non-rotating volumes) . Based 
upon these groundbased studies, certain relationships are identifiable. One is that the 
magnitude of the effects for the nominal subject tend to be directly related to three 
factors: (1) intensity (aU ) of the inertial change, (2) duration of habituation to the 
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preceding mode, and (3) rate of transfer across 
ps demonstrated in groundbased studies are in co 
tions. It has been convincingly shown that if sufficient 
occurs, e.g. by the requirement that sequences of 
performed, that rapid transitions from high rates of rotation to nonrotation can be 
effected with only trivial and sometimes nil untoward ve 
is not true of the non-vestibular proprioceptive responses, w 
tently inappropriate following transition as a direct function of the magnitude and 
duration of the previous environmental interaction. It is seen, t 
based studies indicate that personnel performance decrements may occur following 
intertial transition, persisting until sufficient environmental interaction occurs to 
promote satisfactory habituation. Also, all the results of groundbased studies are 
contaminated by the geogravitational artifact. Therefore, spacebased research on 
inertial transition ef%cts are required to determine the degree to which analogous 
ground based study can be used as a basis for manned artificial gravity design and 
operation. Not only the relative changes in astronaut effectiveness as a function of 
transition must be determined but also the duration and rate of recovery froin any 
decrements in crew capability so that realistic time-lines for perforinance of tasks 
can be established. Experiment II-2.1 is concerned with passive artificial-g/zero-g 
transitions, and Experiment II-2.2 is concerned with active artificial-g/zero-g 
transit ions. 
responses e This 
nd to be consis- 
, that ground- 
II. 2.1 Passive Artificial-dZer0-a Transition - The Objective is to determine 
the effects on performance of rapid, pass ively-executed, artificial-g/zero-g transi- 
tions, both as a function of the magnitude and frequency of the transitions, 
1 - 
The Experimental Source Reference is the AGC. The most critical aspects of 
inertial transition will be the resultant level of both vestibular and non-vestibular 
habituation to the post-transfer environment: Will the subject be ataxic to a degree 
affecting his ability to locomote or otherwise be effectively mobile following transition? 
Having translated to  a work station, will the subject be fully capable of performing a 
display/control task requiring headmovements and/or reach accuracy? What will be 
the level of vestibular habituation to the posttransfer environment, with all this implies 
from a functional standpoint? Considering these as implying functional criteria, the 
Measured Phenomena for this experiment are the subject's response levels in a 
whole-body mobility task, in a perceptual-motor task requizing head movements akd 
reach accuracy, and in a task to  determine the degree of vestibulo-ocular habituation. 
The coininon-use pieces of equipment involved are a restraint chair, the sub- 
ject's pressure suit, a voice log, 2 video cameras and a data management system. 
Major Instruments or Apparatus (experiment-peculiar) include the equipment for the 
Experiment 1-1,l i  FATB task, the equipment for the Experiment I-1,3 RATER 1 
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task (modified t 
reach envelope so), and the equipinent fo the Experiment -1.la (see VoltuYle I 
combined OGY/Habi~tion task, 
cilitate deployment of the response buttons so as to require a 
3 
The Subject Pre-Test State, as implied for the inertial transition experiment 
in Phase VI of the AGC mission profile, is complete habituation to nominal rotation 
by having undergone nearly two months of continuous rotation at various rates includ- 
ing 42 days of 0.5 g at maximum radius. Ratings for this factor are fair for EPQ (g) 
due to difficulty of maintaining a habitable environment for an extended length of time, 
and excellent for all other EPOs. 
The Test Subject Activib consists of performing a complete or shortened 
(depending upon the frequency of transition) testing sequence immediately after the 
execution of the inertial transition. The complete testing sequence, performed in the 
following order, consists of the 1-1. la  'sharpened' (two-head turn) OGY, the I-1.U 
FATB (in null gravity replaced by the timed donning and doffing of the subject's pres- 
sure suit), the inodified 1-1.3 RATER task, and the 1-1. l a  combined habituation head- 
turn sequence and sharpened OGY. The shortened testing sequence consists only of 
the sharpened OGY, a modified FATB (in null-g a modified donning/doffing test), the 
habituation headturn sequence, and a final sharpened OGY. On Day 1 of the Phase VI, 
subject perforins complete sequence at maximum radius and 3 rpin, then moves directly 
to the hub where he is rapidly counterrotated to null-g. He then performs a second 
repetition of the complete testing sequence (substituting the pressure-suit donning 
and doffing exercise for the FATB because of nulLg). The hub is then synchronized 
with the rotating assembly and the subject proceeds to the inaxiinuin (64-foot) radius 
again and performs a third repetition of the complete testing sequence. The transi- 
tion cycle is repeated once inore, with two more testing repetitions , one at nulbg 
and a final repetition at 64 ft. and 3 rpin. The mobility tests (FATB and donning/ 
doffing) are video-taped simultaneously froin two orthogonal axes. Anecdotal coin- 
inents by subject are voice-logged. If subject reaches a Moderate Malaise A level 
of acute motion sickness (rref. I-1.1j diagnostic table) at any time during the procedure, 
further testing is postponed until d ihress  has subsided to the next level. On Day 2 
of Phase VI, the subject performs five transition cycles, with the shortened testing 
sequence being used because of the time constraints. (The modified FATB con- 
sists of 3 trials each of standing - EO and EC, and walking - EO and EC. The 
donning/doffing procedure is shortened. ) 
11 times, five in zero-g and six at 64-ft. and 3 rpin. The entire two-day procedure is 
then repeated at 5 and 6 rpm, on Days 3 and 4 and Days 5 and 6, respectively. EPO 
ratings for this factor are identifical to those for experiment 1-2.1, and are: EPOs 
(g) and (i) excellent, EPOs (k) and (k') poor and EPO (in) fair. 
3 
The shortened testing sequence is performed 
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iinent time is six d Since the effect on subject fundion is con- 
st sense to be a 
transitions, the interval is considered to b 
daily testing schedules,) The average 
subjective and video-taped information) is 161, Average testing day is 8,8 hrs, for a 
Time per Data Point of 0,055 hrs 
periment is 966, EPO ratings for this factor are excellent for all EPOs, 
Total Number of Data Points per subject per ex- 
EPO ratings for Experiment Environment are identical to those of experiment 
1-2.1 For Experiment Objective Attainment, EPO (g) is rated fair (it is excellent 
as to r p 1 ~  provisions, but poor on g-level and only fair  on habitability for the period 
required by the AGC. Options (k) and (k') are unacceptable because of low despin rate, 
limited cycle capacity and lack of counter-spun area. EP@ (i) and (in) are rated 
excellent and good respectively as they appear to  cover most of the requirements of 
the experiment with somewhat greater flexibility appearing in EPO (i) e
le 
Astronaut Time Pe r  Data Point is 0.11 hrs. Weight per Experiment is 20 lbs. 
Volume per Experiment is 5.5 ft. 
E-2.2 Active Artificial-g/Zero-g Transition - The Objective is to determine 
1 the effects on crew performance of rapid, actively-executed, artificial-g/zero-g 
transitions, as a function of both the magnitude and frequency of the transitions. 
The Experimental Source Reference for this study definition is the AGC. The 
Measured Phenomena are  the same as for 11-2.1 
although an active inertial transition effected by crew locoinotion is one of the primary 
options to be considered in the design and operation of space vehicles incorporating 
rotating and nonrotating (space-fixed) volumes simultaneously, almost no ground- 
based research has been dedicated to  the study of such an operation and its effects on 
posttransfer crew function. The only known study, a pilot investigation conduGted 
at GDC involving two subjects and a single spin rate of 2 rpin, supports suggestions 
that such operations at higher spin rates might be significantly disturbing to psycho- 
physiologic function. A t  any rate, not only additional groundbased study, but also 
substantial spaeebased research, is required to define the effects on crew function of 
1' such abrupt changes in inertial environment. This experiment is identical to 11-2.1 
with the exception that the inertial transition is actively exeezted by the subject loco- 
inoting across the interface between the two inertial volumes rather than being passively 
spunup and spundown relative to space-fixed coordinates. 
A s  discussed in the 11-2.1 text, 
1. 1 
Changes relative to 11-2. l1 Test Subject Activity consist of the subject locomot- 
ing across the inertial interface$ with videocaineras taping orthogonal views of the 
transition being performed, Ratings for this factor are unacceptable for EPOs (g), 
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(ks) and (in) (none of the three allow act ransition) and e 
and (i) (both fa itate active transition). T i n e  Factors are 
is the Measure 
applicable) 
nt Environment (with the exce 
Experiment Objective Attainment: BBOs :k)¶ (k') and (m) are unacceptable 
(none facilitate active transition). EPOs (8) and (i) are rated fair. 
- The common objective of the experiments in this sub- 
category is to determine the effectiveness of crew cargo handling within a nominal 
range of artificial gravity environments. 
Moving objects in artificial gravity will provide force and moment inputs to the 
astronaut which differ appreciably froin the inputs he obtains in normal gravity. For 
example, the graviw gradient and Coriolis forces in an artificial gravity field will 
result in changes in weight and extraneous forces when an object is moved within the 
environment. h addition, cross-coupled angular accelerations will tend to  rotate an 
object in an unnatural and undesired direction from the desired rotation initially 
imparted by the astronaut. The effect of these factors on astronaut performance should 
be established by experiments. Further experiments are required to establish the 
range of weight change, Coriolis forces, and the magnitude of cross-coupled angular 
accelerations which can be tolerated by the astronaut without adversely affecting his 
performance . 
Although there have been some studies of cargo handling in aircraft flying 
zero% trajectories, tbese have been very limited. The Apollo missions gave some in- 
dication of the ability to handle cargo in a 1/6 g environment, There have been no 
studies in artificiahg and only limited studies in groundbased rotational environments. 
Gravity padients exist along radial lines in a rotating vehicle. When an object is 
moved along a radial line toward the axis of rotation the object becomes lighter in 
weight, while an opposite movement will cause an increase in the weight. In addition 
a Coriolis force is generated which is in one direction when moving toward the axis of 
rotation and in an opposite direction when moving away from the axis. Also, when 
angular motions about an axis normal to the axis of environment rotation are imparted 
to objects, cross-coupled angular accelerations are generated which tend to rotate the 
object about an axis which is orthogonal to the other twc axes of motion. 
Generation of both Coriolis forces and cross-coupled angular accelerations will 
result in both unwanted forces and moments on the cargo being handled in an artificial- 
g environment and could lead to  decrements in the performance of an astronaut. 
Whether and how well he can compensate for these effects needs to be investigated. 
Cargo handling measurements will have to be performed in artificial gravity - 
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free of the ea bias - t o v e  shed analytically and on the 
oundbased experiments. These data will determine the optimal cargo 
ethods and the aids required. These data will also establish whether the 
astronaut will e capable of performing maintenance tasks on future generation space- 
craft which may require handling equipment of relatively large mass. Work space 
envelopes for maneuvering the equipment will also be established. Time line data will 
also be obtained which will establish demands on the astronauts time for manipulating 
cargo packages of different sizes. Furthermore the data will establish the need for 
and type of cargo restraints that are necessary to assure safety of crew and other 
equipme& a 
II-3.1 Maximum Tolerable Cargo Weight Change - The Objective is to determine 
1 the maximum tolerable cargo weight change, within the constraints of effective cargo 
handling, throughout a nominal range of artificial gravity environments. 
The Experimental Source Reference is the AGC. The Measured Phenomena are 
the effects on the subject's radial translation of cargo in various rpin/g-level environ- 
ments due to the associated change in item weight, task performance being assayed 
using subjective, cinegraphic, and tiine-and-motion techniques Coininon-use pieces 
of equipment involved are event t imers and cinegraphic cameras. Major Instruments 
or Apparatus (experiinent-peculiar) include an array of experimental cargo items and 
cargo supports. The cargo iteins are twelve in number: cubes of 1, 4, and 9 ft3 for 
each of four experiment weights of 10, 50, 100, and 200 lb. The cargo supports a re  
provided by the floor and a rack of adjustable shelving, providing radial translation 
spans up to a maximum of floor-to-overhead reach. The Subject's Pre-Test State and 
its EPO ratings are the same as 11-1.1 and are  detailed there. The Test Subject's 
Activity consists of perforining radial translations of each of the cargo iteins and 
making subjective evaluations of the tasks with the aid of a questionnaire. A s  radial 
translation of the items also subjects thein to Coriolis accelerations, the subject is 
trained to minimize their contamination of the weight-change assay. He attempts to 
make all translations at the same rate to keep the perceived Coriolis force constant, 
and uses the causal relationship between the translation and Coriolis directions to aid 
in identifying the artifactual force. The inulti-radial testing fgp'stions for  a given 
rpin provide additional means of factoring out the Coriolis effects. For each -in/ 
g-level environment, the subject perforins three trials each af raising and lowering 
each item - lifting each off the floor and shelving it momentarily as high up as is 
subjectively tolerable, then at an audible cue (15-seconds following cue to raise) 
lowering the item to the floor, and so forth, through three trials for all twelve cargo 
items - during Phase II and Et testing only. Phase Tv testing reduces the cargo 
items to six (though still covering essentially the same range) to  shorten the repeti- 
tion time. Trials per repetaion during II and III are 72 (12 cargo items, 2 transla- 
tions, 3 trials) with a repetition time of 50 min, (20 setup, 20 test, and 10 cleanup). 
1 
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d to 6). The 
assay, EPO ratings 
The Measurement E n v i r o ~ e n t  
rpm ceiling is raised to  8. This 
(k) for this factor to fair, 
-1,l and follows the same 
mission scheduling for repetitions. EPO ratings for Total h m e  are the same as 
The Number of Data Points is 396: 288 during II and III (12 rpm/g-levels, 
translations and 3 durations of partial gravity exposure) . The T i m  per Data Point 
is 0.037 hr. the to+al experimental time penalty being 14.5 hr. 
ms, 2 translations) and 108 during Phase IV (6  cargo items, 3 radii, 2 
The Experiimnt Objective Attainment ratings and rationale are the same as 
detailed in Experiment II-1.1 Cr@w Time Per Data oint is 0.074 hr. Weight per 
Experiment is 220 lbs. Volume per Experiment is 9 Et . 
1 
1. P 
11-3.2 Maximum Tolerable Cargo Coriolis Effects - The objective is to determine 
the maximum tolerable cargo Coriolis effects, within the constraints of effective cargo 
handling throughout a nominal range of artificial gravity environments . 
the effects on the subject's non-axial translations of cargo, in various rpm/g-level 
environments, due to the associated Coriolis accelerations imposed on the item, task 
performance being assayed using subjective cinegraphic, and time-and-motion tech- 
niques. The equipment and Subject Pre-Test State, including ratings, are unchanged 
from Experiment II-3.1 
tasks with the aid of a questionnaire. The number of testing repetitions and their 
mission scheduling is the same as II-3.1 as are the rpm/g-level environments. 
For each Phase II/m repetitions require 1.5 hr. (20 inin. setup, 60 test, 
10 cleanup), and the Phase Tv require 50 minutes, The time sequence of the trials is 
the same as in the translations in this experi- 
inent involving components of radial movement require the extraction of cargo handling 
artifads due to relative weight changes from valid effects due to Coriolis accelerations. 
The Test Subject Activity ratings are the same as for II-1.1 
The Total Time of the experiment and its EPO ratings are the same as II-1.1 . 
The Number of Data Points is 1584: 1152 during Phase n / I U  (12 rpm/g-levels, 18 
cargo items, and 8 translations) and 432 during Phase IV (3 radii, 6 cargo items, 8 
translations and 3 durations of partial gravity exposure) . The total experimental 
time penalty is 25.5 hr, giving a Time per Data Point of 0.016 hr. The Measure- 
inent Environment and its EPO ratings are identical to JI-3.1 
Experimental Source Reference is the AGC. The Measured Phenomena are 
The Test Subject's Activity consists of performing non- 
axial translations of eac x of the cargo items and making subjective evaluations of the 
1' 
-3. ll. In contradistinction to LI-3.1 
1' 
1. 
1. 
22 8 VOL 111 
e A ~ a i ~ e ~ t  ratings ionale are the s . GrewTimeper Point is 0.032 hr, 
-3.3 Maximum Tolerable Cargo Cross-Coupled Accelerations - The Objective 
is to determine the maximum tolerable cargo cross-coupled accelerations , within the 
contraints of effective cargo handling, throughout a nominal range of artificial gravity 
environments. 
1 
The Experimental Source Reference is the AGC. The Measured Phenomena are 
the effects on the subject's rotation of cargo items out of the plane of vehicle rotation, 
in various rpin/g-level erivironments due to the associated cross-coupled acceler- 
ations imposed on the item - task performance being assayed using Subjective, 
cinegraphic, and time-and-motion techniques. The equipment and Subject Pre-Test 
State, including ratings, are unchanged froin Experiment 11-3.1 
Activity consists of perforining rotations of each of the cargo items in three planes 
(each, and a combination, of the two planes orthogonal to the rotation), and inaking 
subjective evaluations of the tasks with the aid of a questionnaire. The number 
of testing repetitions and their mission scheduling is the same as those of II-3.1 
as are the rpin/g-level environments. For each Phase II/III repetition, the subject 
perforins 108 trials (12 cargo items, 3 planes of rotation, 3 trials each). A Phase IV 
repetitionrequires 54 trials (the number of cargo iteins is 6). A Phase II/III 
repetition requires 1 hr. (20 inin. setup, 30 inin. test, 10 minutes cleanup). A 
Phase IV repetition requires 35 minutes. The pacing of the trials is the same as in 
1" Experiment a-3.1 
The Test Subject's 
1' 
1' 
The Test Subject Activity ratings are the same as for II-1.1 
1. 
The Total Time of the experiment and its EPO ratings are the same as II-1.1 
The Number of Data Points is 594: 432 for Phase II/lIC (12 rpin/g-level combinationss 
12 cargo iteins, 3 planes of rotation) and 162 for Phase IV (3 radii, 6 cargo items, 3 
planes of rotation, 3 durations of partial gravity exposure), The total experimental 
time penalty is 17.25 hr. giving a Time per Data Point of 0.029 hr, The Measurement 
Environment and its EPO ratings are the same as for II-3.1 
1' 
1. 
The Experiment Objective Attainment ratings and rationale are the same as 
detailed for Experiment 1-1.1i 
ment weights and volumes are unchanged froin II-3.1 
Crew Time per Data Point is 0.058 hr. The equip- 
1" 
1. 
II-3.4 Maximum Tolerable Cargo Acceleration Effects - The Objective is to 
determine #he maxiintun tolerable cargo combined acceleration effects within the con- 
straints of effective cargo handling, throughout a nominal range of artificial gravity 
environments . 
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changes, Coriolis and cross- 
m - task performance being assayed using coupled accelerat 
subjective cine 
cargo items, and making subjective evaluations of the tasks. The ntunber of testing 
repetitions and their mission duling is the same as It-3,l , as are the rpm/g- 
1 level envirop.ments , For each e a/JD repetition the subject perforins 36 trials 
(12 cargo items, 1 cargo-handling sequence, 3 trials). Each Phase IV repetition 
requires 18 trials (only 6 cargo items are used). Each Phase II/m repetition re- 
quires 50 minutes (20 setup, 20 test, 10 cleanup), and each Phase Nrepetition 
requires 30 minutes, The trials are aced on a 30-second interval. 
The Total Time and its EPO ratings are the same as for It-1.1 The Ntunber 
of Data Points is 198: 144 for Phase II/llI (12 cargo items, 12 rpin/g-level environ- 
ments, and one cargo-handling sequence) and 54 for Phase N (6 cargo items, 3 radii, 
1 cargo-handling sequence and 3 durations of partial-gravity exposure) , The total 
experimental time penalty is 14,5 hr., giving a Time per Data Point of 0.0'73 hr. 
The 
1' 
inent Environment and its EPO ratings are identical to II-3.1 
Experiment Objective Attainment ratings and ratiopale are the same as detai % ed for 
-lell. Grew Time 
and volumes are unchanged froin 
r Data Point is 0.146 hr. The equipment weights 
- The coininon objective of the experiments in 
this 
a noininal range o 
ectiveness of gross motor performance within 
cia1 gravity environments, 
roninent Coriolis forces and cross-coupled accelerations act 
g certain operations, It is necessary to determine 
ors will affect the time and efficiency of performing 
n addition, experiments are required to deter& 
gross motor functions, such as hardware 
ss and accuracy, and door/hatch operations. 
ased studies of gross motor performance 
dies indicated decrements in performance 
d to be true in zero-g during spacebased 
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of 8 r- 
S, 
sureinents in groundbased r o t ~ i o n a l  stud- 
at least some in artificial-g. The information 
ide guide lines for advanced space stations 
eration throughout the intended life times. Reach 
h gravity vector, it is aeeessary to verify 
required for the effective design of spacebased 
C/D consoles and tasks. Determination of the optimum door and hatch designs will 
the ensurance of i t a b ~ l ~ ~  and will increase the safety of the crew. 
is to determine the effectiveness of 
e of artificial gravity environments. 
AGC. The Measured Phenomena are 
use of standa Is  in various rpin/g-level environ- 
ive, cinegraphic, and tirne-and- 
cameras, Major ents or A p ~ a ~ t u s  (experiment-peculiar) are three iminten- 
awe task iteins, tools, and a. questionnaire. The three task iteins 
ent includes event tiiners and cinegraphic 
orinance assay of maintenance tasks ring 
rational troubleshoot ectrical and 
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repet%ion t h e  is 1 
is of e x e ~ ~ t i o n  
d 
ratings for this factor are 
the same as for 
Total Time of the experiment and its EPO ratings are identical to II-l0l1. The 
Number of Data Points is 270: 216 for Phase n/m: (3 tasks, 3 orientations, 12 rpm/ 
g-level environments, and 2 performance criteria - time and errors), and 54 for 
Phase IV (3 tasks, 1 orientation, 3 radii, 2 criteria, and 3 durations of p&ial-grafikY 
exposure). Total experiinental time penalty is 29.5 hr. , giving a Time per Data Point 
of 0.109 hr. The Measurement Environment and its EPO ratings are the same as 
for II-3,l 
1. 
Experiment Objective Attainment and its ratings are the same as detailed in 
Experiment rl-1.1 Crew Time per Dat Point is 0.218 hr. Weight per Experiment 
is 55 lb. Volume per Experiment is 10 ft  . 1" % 
11-4.2 Maintenance Disassembly and Assembly - The Objective is to  determine 1 
the effectiveness of standard inaintenance disasseinbly/asseinbly techniques throughout 
a nominal range of artificial gravity environments, 
The Experimental Source Reference is the AGC, The Measured Phenomena are  
the effectiveness of the subjedvs performance of a standard maintenance disassembly/ 
assembly task in various rpin/g-level environments, task performance being assayed 
using subjective, cinegraphic, and time-and motion techniques. Common-use equip- 
ment include event timers and cinegraphic cameras, Major Instruments or Apparatus 
(experiment-peculiar) are the disasseinbly/assembly task item, a set of standard tools , 
and a questionnaire. The task item provides, and facilitates, the performance assay of 
the disasseinbly/assembly task. 
The Subject's Pre Test State and its EBO ratings are the sane  as detailed for 
The Test Subject's Activity consists of performing, as trained, the disassembly/ 
assein =-1° l K  ly task using the standard tools provided, and inaking subjective evaluations sub- 
sequent to its completion, The number of repetitions and their mission scheduling are 
as detailed in Experiment II-1.1 . Each Phase E/III .repetition. consists of 9 trials 
(one task, 3 orientations, 3 trid each), Each Phase IV repetition - consists of 3 
trials (one task, one orientation only to reduce time penalty - usss worst case froin 
l[I/III -, 3 trials). Phase nc/nr rewi t ion  time is 105 min, (10 setup, 90 test, 5 
cleanup). Phase Tv repetition time is 45 minutes. Effectiveness of task perforinance 
is determined primarily on the basis of execution time and errocs. EBO ratings for 
Test Subject's Activity are the same as for I1.-1,1 
1" 
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hr, The Mea- 
The ~ ~ j e c t i v e  is to  determine intentional hand/ 
ificial gravity environments, 
rence is the AGC, The Measured Phenomenon is 
ss as determined by the frequency of contacts between 
a hand-held probe and the rim of illl aperture through which the probe is inserted. 
Coinin on- us e equipme lude a restraint chair, an automatic test control, and 
recorders to receive ore digital data. Major Instruments or Apparatus (experi- 
iar) are the psychomotor task board - on which the steadiness task is 
mounted - o  an abts, The steadiness task consists of a panel eon- 
taining five ap om 0,14 to 0.54 inches in diameter, the panel in 
electrical series with the hand probe, a digital counter, and the test control. 
.ratings 
of performing the steadiness task with- 
nd probe - with the arm in partial 
70" up (for Y-axis) 01: to the left 
test-control switches on the 
ubject to turn his head 
ion, Fifteen seconds 
xt largest aper- 
switches on at 30- 
a 15-second rest period at the cue 
are the same as detailed for 
ating his head (re- 
trial, A unit test sequence consists of one trid 
eluded rest-periods, the unit 
0th Y- and Z- 
e (two tangential and one axial) 
lir mission scheduling are as 
sts of 30 trials (5 apertures, 
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and requires 1 hr. (20 min, setup, 30 min, test, 
10 inin, cleanu 
EPO ratings are all excellent. 
roviding the unsteadiness index) 
The Test Subject's Activity 
1" Total Time of the experiment and its EBO ratings are the same as for II-1 . 1 The Number of Data Points is 630: 360 for Phase lI/III (30 trials at each of 12 rpm/ 
g-level environments), and 270 for Phase IV (30 trials, 3 radii, and 3 durations of 
partial-gravity exposure). Total experimental time penalty is 21 hr. , giving a Time 
per Data Point of 0,033 hr. The Measurement Environment and its EPO ratings 
are the same as for  2-3.1 Experiment Objective Attainment ratings are the same 
as I-lmla 
20 lb, V&me per Experiment is 2 ft . 
1. Crew Time per Data Po' t is 0.066 hr. Weight per Experiment is 3 
11-4.4 Striking Accuracy - The Objective is to determine the accuracy, of both 
1 visually- and proprioceptively-guided striking, throughout a nominal range of artificial 
gravity environments ., 
The Experimental Source Reference is the AGC, The Measured Phenomenon is 
the accuracy of visually- and proprioceptively-guided striking movements as deter- 
mined by scoring target hits. Common-use equipment include a restraint chair, an 
automatic test control, and recorders to receive and store digital data. Major In- 
struments or Apparatus (experiment-peculiar) are the psychomotor task board - on 
which the striking task is mounted -, and the head-turn restraints. The striking 
task consists of three six-inch diameter targets mounted, in a straight line, with 1 
foot separating adjacent bullseyes, on a rotatable panel attached to the psychomotor 
task board so that the common axis can be aligned either vertically or horizontally. 
Each target is divided into a bullseye and three concentric rings. Electrical continuity 
link the targets, a hand-held stylus, digital counters , head-restraint position switches, 
and the test control. 
The Subject's Pre-Test State and its EPO ratings are the same as detailed for 
-1.1 . The Test Subject's Activity consists of performing the striking task, while 
seateain the restraint chair, within a testing context requiring intermittent head turns 
about the U and Z cranial axes. A single trial begins with the subject's head turn (up 
for Y-axis testing, to the left for Z-axis testing) t o  view a colliinated cue light. The 
light will flash a 'l', '219 or '3' indicating which of the three targets (first, second, 
or third in the plane of headturn) he is to strike at. The subject immediately turns 
his head to view that target and attempt to strike its bullseye. Only a single attempt 
is allowed, with the accuracy being autoinatically scored: 4 for a bullseye and 3, 2, 
and 1 for hits, respectively, in the three outer rings. Following that visually-guided 
strike, the subject immediately retracts his stylus and rotates his head back to the 
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s i t~on  for vie 
rs at 5-second 
in Experiment I I - l e l  e Each repetition consists of 36 trials (2 B-T planes, 3 chair 
orientations 6 t r i ad  per sequence) 
test and 10 cleanup) , Striking accuracy indices are provided by separately tot~l ing 
the cumulative sequence scores for visually- and p r o p ~ i o c e ~ t i v e l y - ~ i ~ e d  inodes 
Test Subject's ActiviQ EPO ratings are all excellent, 
. petition time is 1 hr, (20 inin* setup, 30 
The 
1, Total Time for the experiment and its EPO ratings are the same as for E-1.1 
The Number of Data Points is 252: 144 from P 
planes, 3 Orientations, and 12 rpin/g-level environments) and 108 from Phase 
(2 modes, 2 planes, 3 orientations, 3 radii, and 3 d ~ r ~ ~ o n s  of partial- 
posure), Total Experimental time penalty is 21  hr, s giving a Time 
(2 strikin,$ modes, 2 H-T 
3 hr, The Measurement Environment and its EPQ ratings are the same as for 
riinent Objective Attainment and its r 
Grew Time per ]Data oint is 0,166, 
er Experiment is 2 ft e P 
Door/Hatch Operation - The 
acceptability throughout a n 
mine the d o o ~ / ~ a t ~ h  
gravity environment @ e 
The Experimental Source Referenee is the AGC, 
ceptability of door/hatch operations , in various 
ction of design, orientation, and use - acceptai l  
tive, cinegraphic, ergometric, and t ~ e - a n d - i n o t i ~ n  te
red ~ h e n ~ m e ~ ~ n  is 
Coininon-use pieces 
ipinent are event timers and cineg ents or Appara- 
~ ~ n e n t - p e c u l ~ r )  include fun& 
experimental cargo items - cubes of 1, 4, and 9 
0, 50 and 100 lb, and 
d for testing stability 
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ration's accept consists of a complete translational 
.) A trial is performed while wearing 
e. The number of repetitions and 
mockups and 2 tkanslational paces) . The num- 
for door/hatch operations consist of translational efficiency based on time-and-motion 
criteria, and metabolic energy costs per op ional alternatives. The Test Subject's 
Activity EPO ratings are the same as for 1. 
1" Total Time for the experiment and its EPO. ratings are the same as for II-1.1 
The Number of Data Points is 2640: 1920 from Phase II/nr (80 trials per rep&ition , 
12 rpm/g-level environments, 2 indices of acceptability)), and 720 from Phase IV (40 
trials per repetition 2 indices, 3 radii, and 3 durations of partial-gravity exposure). 
Total experimental time penalty is 27 hr, giving a Time per Data Point of 0.01 hr. 
The Measurement Environment and its EBO ratings are the same as for II-4.1 1' 
Experiment Objective Attainment and its ratings are the same as detailed in 
1,1. Grew Time per int is 0,02 hr. Weight per Experiment is 17 0 lb. I" 
slume per Experiment is 
.O Fine Motor P - The common objective of the experiments in 
iveness of fine motor performance through- 
onments. 
in considering gross motor per- 
ar accelerations, and reduced gravity 
), with a change in empbasis due 
ee involved, Fine motor performance 
coordination, with a reduction in 
re, to be more sensitive to cross- 
* the vestibula-ocular responses - 
eftects. In a rotatbg environment, 
ly-spaced dials and switches may 
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reaching for the 
ere have been some investigptions of fine motor performance 
rmnent and industrial facilities. The experiments to date have 
shown some decrements in performance before adaptation occurs depending on the sub- 
ject's orientation and a reduction in performance decrements after adaptation occurs. 
However, these experiments have been rather limited in scope and systematic research 
is required to obtain more comprehensive information, The manned orbital missions 
have demonstrated that the astronauts can perform fine motor tasks accurately in 
zero g while restrained. Tests in artificial-g are required to substantiate the data ob- 
tained in groundbased rotational experiments. The tests will establish how levels of 
artificial-g below one afiect perfonnance, facilitating subsequent establishment of 
optimum time lines, ensuring the most efficient utilization of crew time. Tests of 
finger and manual dexterity will provide information relevant to the design and opera- 
tion of, respectively, control switches and handles. A display/control task will pro- 
vide information on the performance of an integrated console task requiring visual 
acuity and manual speed and accuracy. A disassembly/assembly task emphasizing 
fine motor skills will provide the necessary assay to complement the design and opera- 
tion guidelines provided by the gross disassanbly/assembly task. 
II-5.1 Finger Dexteritv - The Objective is to determine finger dexterity 
1 throughout a nominal range of artificial gravity environments. 
The Experimental Source Reference is the AGC. The Measured Phenomenon is 
the ability to manipulate small objects with the fingers as determined by the number 
of manipulations performed per unit time 
chair, an automatic test control, and recorders to receive and store digital data. 
Major Instruments er Apparatus (experiment-peculiar) are the psychoinotor task 
board - on which the finger dexterity task is mounted - 9  and the head-turn restraints. 
The finger dexterity task consists of a template containing a number of tapped holes, 
and a small 
on the  other^ 
Common-use equipment include a restraint 
and square, each with a threaded stud on one side and a tapped hole 
The Subject's Pre-Test State and its PBO ratings are the same as detailed 
for 11-1.1 . The Test Subject's Activity consists of performing the finger dexterity 
task, whih seated in the restraint chair, within a testing context requiring inter- 
mittent head turns about the Y and Z cranial axes. A single trial begins with the 
subject's head turned (up for Y-axis testing, to the left for Z-axis testing) to view a 
collimated cue light. When the light flashes, the subject immediately turns his head 
to view the template, picks up the hex and square in separate hands and begins the 
task performance. The basic performance task consists of a sequence of eighteen 
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in template - must be 
re from holes, (9) join- 
(9) s with the exception 
spectively, to  the tem- 
done with the done simultaneously to 
hex stud into tapped hole at top of template. Once the subject 
completes operation (I$), he unscrews the hex stud from the template and begins the 
entire sequence over again. In response to an audible signal, the subject stops the 
sequence at whateve2 point he has reached and rotates his head back to the cue light 
position. The cue lignt and audible signal are activated at  15-second intervals from 
each other. With the second activation of the cue light, the subject again rotates his 
head to view the template and begins the task performance, B a a  tria3 mlection begin- 
ning with operation (l), E hex and square are joined to each other or to the template, 
they must be separated following the headturn in order to begin with operation (1). 
The subject is scored on the number of operations he performs - he is monitored 
visually by the examiner and given credit for whatever operation he is performing 
when the audible signal ends the trial. A total of five trials makes up a unit testing 
sequence, with the subject's score being the total number of operations performed 
during those five trials, One unit sequence is performed in both Y- and Z-axis head- 
turn planes, with both being repeated in three (two tangential and one axial) chair 
orientations number of gepetitions and their mission scheduling are as detailed 
in Experiment 1 Each .repetition consists of 30 trials (2 H-T planes , 3 chair 
orientations, and 5 trials per sequence). Re ition .time is 1 hr. (20 min, setup, 
30 min. test, and 10 minutes cleanup). The Test Subject's Activity EPQ ratings 
are all excellent, 
1." 
1" Total Tirile for the experiment and its EPO ratings are the same as for E-1.1 
The Number of ata Points is 126~72 from Phas (2 B-T planes, 3 orientations, 
and 12  rpm/g-level environments), and 54 from rV (2 planes, 3 orientations, 
3 radii, and 3 durations of pa -gravity exposure) Total Experimental time penalty 
is 21 hr, giving a Time per Point of 0 e 168 hr, The Experiment Environment 
ratings are the same as for 
ent and its ratings are the same as detailed in 
Weight per Experiment is 20 lb. 
Objective is to  determine manual dexterity 
cia1 gravity environments 
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rence is the AGC The Measured Phenomenon is 
ermined by the num- 
and store digital 
time. Coinmon-use equipment include a 
1, and recorders to reoe 
data. Major Instruments or Apparatus (experiment-peculiar) are the psychomotor 
task board - on which the manual dexterity task is mounted =-s and the head-turn 
restraints. The manual dexterity task consists of a board containing six cut-outs, 
each of a different geometric shape and each coded with a different color, and a gray 
cube from whose six faces project six matching color-coded geometric shapes. 
The Subject's Pre-Test State and its EPO . ratings are the same as detailed for 
II-1.l1. The Test Subjc'ct's Activity consists of performing the manual dexterity task, 
while seated in the restraint chair, within a testing context requiring intermittent head- 
turns about the Y and Z cranial axes. A single trial begins with the subject's head 
turned (up for Y-axis testing, to the left for Z-axis testing) to view a collimated cue 
light. When the light comes on, the subject immediately turns his head to view the 
performance task, picks up the dexterity block (cube) in his preferred hand and begins 
the task performance. The basic performance task consists of working clockwise 
around the color-coded board, inserting it and retrieving froin it the comparably- 
coded block, using only the preferred hand. Certain restrictions on performance are 
imposed: the subject is required to  pick up the block by grasping the geometric pro- 
jection corresponding to the next receptacle in sequence, rotate the block in his hand 
and insert it, then retrieve it, etc. , not being allowed to touch the central (gray) por- 
tion of the block during insertion and retrieval. He continues to work clockwise around 
the board, completing as inany consecutive insertions as possible during each trial. 
The trial end is signaled audibly, in response to which the subject completes whichever 
insertion he is engaged in and then immediately rotates his head back to the cue light 
position. The cue light and audible signal are activated at 15-second intervals froin 
each other, With the second activation of the cue light, the subject again rotates his 
head to view the 2zxterity task and resumes at the point terminating the previous trial. 
The subject is scored on the number of insertions he performs - he is monitored 
visually by the examiner and given credit for whichever insertion he is performing 
when the audible signal ends the trial. A total of five trials makes up a unit testing 
sequence, with the subject's score being the total number of insertions performed 
during the five trials. One Unit sequence is performed in both Y- and Z-axis hezrd- 
turn planes, with both being repeated in three (two tangential and one axial) chair 
orientations. The number of repetitions and their mission scheduling are as detailed 
in Experiment 11-1.1 
orientations, and 5 trials per sequence). 
30 min, test, and 10 inin. cleanup), The Test Subject's Activity EPO . mt@S are all 
excellent .. 
Each repetition consists of 30 trials (2 H-T planes, 3 chair 
1. Repetition. time is 1 hr. (20 inin. setup, 
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planes, 3 orientations, 
is 21 hr. , giving a Time per Data Point of 0,168 hr. The Measurement Environment 
and its Epo.  ratings are the same as for II-4.3 
1" 
Experiment Objective Attainment and its ratings are the same as detailed in 
II-4.3 Crew Time per Data oint is 0.336, Weight per Experiment is 20 lb. 
Volume per Experiment is 2 ft . 1. 8 
11-5 3 Display/Control Task - The Objective is to determine operator control/ 
d i s p G d c i e n c y  throughout a nominal range of artificial gravity environments. 
The Experimental Source Reference is the AGC. The Measured Phenomenon is 
the subject's control/display efficiency as determined by his performance characteris- 
tics on a visuoinotor task requiring headturns. Common-use equipment include a 
restraint capable of limiting head rotations to  a single plane (Z-axis or  Y-axis) at a 
time, and supplied with potentiometric outputs at the headturn spindles, and the 
Response Analysis Tester (RATER) ,the k ih.omotor testing device used in several of 
the tests described previously (I-l.lc, 1-1.3, and 1-2.0). The RATER is used with 
the display not collimated, with zero delay mode, and with the response inicro- 
switches deployed in a line to require a total reach envelope of approximately 85" of 
visual angle. 
The Subject's Pre-Test State and its EPQ ratings are the same as det,ailed for 
11-1.1 
while seated in the restraint chair, within a testing context requiring intermittent 
headturns about the Y and Z cranial axes. A single trial begins with the subject's head 
turned (up for Y-axis testing, to  the left for Z-axis testing) to view a collimated cue 
light. When the light comes on, the subject immediately turns his head to  view the 
RATER display (a 70" turn is required)mdbegins responding, as the display is acti- 
vated simultaneous with the 'start' light. The RATER is operated in the self-paced 
mode, so that as quickly as a correct response is made, the next symbol is displayed 
on the screen. The four response switches are aligned dong a rotatable panel so 
that the 85" visual envelope can be required vertically (for Y-axis testing) or hori- 
zontally (for Z-axis testing). The unit testing sequence totals five fifteen-second 
trials, interspersed by four fifteen-second rest periods spent with head in position 
for monitoring the starting light. Total responses and total correct responses are 
recorded automatically, as is a d-c signal indicating the latency of response to each 
display, The headturn potentiometers provide a rate-of-headturn measurement. The 
primary performance index is the net score (total correct minus total e r ro r s  for the 
The Test Subject's Activity consists of performing the control/display task, 
1. 
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trials making up a single sequen sequence is p e ~ o ~ e d  in both U- and 
ed in three (two tangential and one axial) 
and their miss 
detailed in Experiment ition consists of 3 
3 chair orientations, and 5 t . Repetition time is 1 hr. (20 inin. 
setup, 30 inin. test9 and 10 min, cleanup). The Test Subject's Activity EPO ratings 
are all excellent, 
1. 
Total Time for the experiment and its EPO ratings are the same as for II-1 . 1 
The Number of Data Points is 378: 216 from Phases II/lII (3 RATER performance 
criteria - net score, H-T rate, an2 response latency -, 2 H-T planes, 3 chair 
orientations, and 12 rpdg-level  environments), and 162 from Phase IV (3 RATER 
criterk, 2 H-T planes, 3 orientations, 3 radii, and 3 durations of partial-gravity 
exposure). Total experimental time penalty is 21 hr., giving a Time per Data Point 
of 0.055 hr. The Measurement Environment and its EPO ratings are the same as 
for II-4. 31' 
Experiment Objective Attainment and its ratings are the same as detailed in 
Crew Time per Data P$n t  is 0.11 hr. Weight per Experiment is 4 lb. II-4.3 
Volume per Experiment is 0 e 6 ft . 1. 
-1 II-5 4 Maintenance Disassembly and Assembly - The Objective is to determine 
the eff e ctiv'ene ss of standard maintenance di sassein bly/assembly techniques featuring 
fine motor performance throughout a nominal range of artificial gravity environments. 
The Experimencal Source Reference is the AGC. The Measured Phenomenon is 
the effectiveness of the subject's performance of a standard maintenance disassembly/ 
assembly task in various rpin/g-level environments, task performance being assayed 
using subjective cinegraphic and time-and-motion techniques . Common-use equip- 
ment include a reetraint chair/work bench unit, event timer, and cinegraphic cameras. 
Major Instruments or Apparatus (experiment-peculiar) are the disassembly/asseinbly 
task item, a set of standard tools, and a questionnaire. The task item provides, and 
facilitates the performance assay of, the disasseinbly/assembly task. 
The Subject's Pre-Test State and its EpO ratings are $he same as detailed 
for II-1.1 . The Test Subject's Activity consists of performing the disassembly/ 
assembly b s k  using the standard tools provided, and making subjective evaluations 
subsequent to its coinpletion. This task differs froin the If-4.2 disassembly/assembly 
task in that the former features the manipulation of sinal1 items while restrained at a 
work bench, while the latter features large item manipulation requiring some gross 
body movement, The number of repetitions and their mission scheduling are as 
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~ i o n c o ~ i s t s  of 9
Phase IV repetfbion time is 45 minutes. Effectiveness of task perforinance is deter- 
mined primarily on the basis of execution time and errors. 
Subject's Activity are excellent for all EPOs. . 
BPO. ratings for Test 
1. 
Total Time for the experiment and its EPO ratings are the same as for II-1.1 
The Number of Data Points is 81: 72 from Phase II/III (1  task, 3 orientations, 12 
rpin/g-level environments, and 2 performance criteria), and 9 from Phase IV (3. task, 
1 orientation, 3 ra ti, and 3 durations of partial-gravity exposure). Total experiment- 
al time penalty is 28 hr. s giving a T h e  per Data Point of 0.346 hr. The Measurement 
Environment and its 
1. 
ratings are the same as for II-4.3 
Experiment Objective Attainment and its ratings are the same as detailed in 
II-4.31. Crew Time per Data P y t  is 0.692 hr. Weight per Experiment is 6 lb. 
Volume per Experiment is 0.7 ft . 
II-6.0 Taxis 
II-6.1 Taxis - The objective is to determine the effectiveness of static and 
1 dynamic postural equilibrium throughout a nominal range of artificial gravity environ- 
ment s. 
The Experiment Source Reference for this study definition is the AGC. The 
Measured Phenomena are the subject's walking and standing abilities as sensitieed by 
the constraints of the standard NAMI Flow Ataxia Test Battery (FATB). 
Walking 3nd standing involve nonvestibular proprioceptive mechanisms as well 
as vestibular ones. A s  such, deterioriation in these functional abilities have been 
correlated, over a large number of groundbased studies using various ataxia test 
batteries , with the abnormal vestibular stimulation effects of gravitoinertial force 
environments , motion sickness susceptibility, labyrinthine caloric threshold response 
levels, proficiency of gymnastic body control, experimentally induced positional alco- 
hol nystagmus and blood alcohol levels, and clinical-type ataxia test responses. While 
postural disequilibrium or ataxia has been found to correlate with some single or ana- 
lytically combined nonvestibular factors such as body configuration, age, and cardio- 
pulmonary reserve, subject differences in general are primarily attributable to  ex- 
perimentally induced vestibular and proprioceptive effects in normal individuals or to 
clinical otoneurological defects. Although not considered to be as serious a potential 
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e 
n the low-gravity field 
order to see whether 
r ~ n ~ i r e d  because of 
required 
The astronaut moving in a rotating e subjected to Coriolis 
forces and cross-coupled r acce~erat ions~ The mag of the Coriolis forces 
and the direction in 
relative to the axis otation. The sane hold rue relative to the cross-coupled 
argiilar accelerations that will rienced when he turns his body rapidly froin one 
orientation to another, A s  a result it may be diff cult to properly coordinate the body 
and limb motions and to maintain postural e ~ u ~ l i b r i ~ n  since varying stimuli will result 
froin an attempt to make essentially identical voluntary motions in each case. 
ch the forces act will va depending on the walking direction 
The problems inay be further complicated when the stimuli to the normal bal- 
ancing mechanisms are reduced as the case for artificial-g levels less than 
visual illusions lly if it is also accoinpa 
the ataxia effect 
itude  constrain^ the s Thus, ataxia inay 
degrees of free- 
not become evi 
results to the a 
late earth based 
e walking on the floors of 
partly supposition and partly 
have been reasonably corrobor- 
clted by studies during A/C ]par 
s expected to be 
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walking in stmulated a at the nominal values of 1/6, 0,2, 0,3, and 0.5g, 
iness may be 
soinewhat high, Walking at 0 . 3 g seemed to be the most amenable g of those studied. 
The coriolis/graviQ boundary has essentially been established at 0.5. It should 
be noted that these data were obtained for curved floors having a constant value of 
radius. Flat floors, depending on the radius, can impose additional difficulties. 
The use of the NAMI Floor Ataxia Test Battery (FATB) , is recommended for 
several reasons: (1) its precise constraints make it more quantifiable and more sensi- 
tive to  equilibration dysfunction than conventional locomotion tasks, therefore, it both 
supplements and complements data to be derived froin the latter tests performed in 
the same environment; (2) it inakes available a large body of normative and ground- 
based experimental data against which to compare spacebased results; and (3) it pre- 
sents some advantages over the NAMI Rail Ataxia Test Battery (RATB), with which it 
shares the above virtues, in that a rail is not required for conduct of the test, and the 
hazard of falling when balance is lost is thus essentially eliminated. 
Common-use pieces of equipment involved are two cinegraphic cameras. Major 
Instruments or Apparatus (experiment-peculiar) required are a sound equalizer and a 
floor grid. The sound equalizer consists of the ear pieces of a stethoscope integrated 
by a plastic tee, with the tee open to the environment. This item is worn by the sub- 
ject during the testing, to distribute all sounds, froin whatever direction, symmetric- 
ally to  his right and left ears. This prevents tropic imbalance due to asymmetric 
sound, The floor grid consists of a seven-foot by seven-foot square, area marked off 
in a six-inch grid, the two axes of the square running axially and tangentially. The 
grid is a permanent part of the flooring and the individual squares of the grid are 
boldly identified, using an alphanumeric systemr so that they are legible when viewed 
by the examir;zr through the TV monitor. 
The Subject's Pre-Test State and the associated EBO ratings are the same as 
1. 
for II-1.1 
The Test Subject's Activity requires that he perform all of the standing and 
walking balance tests making up the Floor Ataxia  Test Battery (FATB). These are 
performed twice during one test mpetieion: once in the axial direction and once in 
the tangential direction. A l l  of the tests making up the battery are performed with the 
subject in the stringent body position of arms folded against chest, feet (shoes on) 
heel-to-toe and tandeinly aligned (SOLEC and Classical Romberg Tests excepted) , and 
body erect or nearly erect, Administered in the following order, they consist of the: 
(1) Sharpened Romberg (SR) - standing with eyes closed for a period of 60 seconds; 
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FEC) - same as 
inistered: (6) $ha 
Eyes Open  WALE^)^ (9) Walking on Floor Eyes Open (WQFEO); (10) Classical Rom- 
berg Eyes Open (CR E/O). A description of the individual ataxia tests and scoring 
procedures follows e 
Sharpened Romberg (SR). A maximum of four trials is administered. Testing 
is discontinued when the oriterion score of 60 seconds standing time is obtained on 
any trial. Subjects ar5 permitted to close their eyes at any time after assuming the 
correct body and foot positions. A score of 60 seconds on the first trial is weighted 
4, and a perfect, test score of 240 (60 seconds x 4 trials) - subjects are credited 
with srfect scores on the remaining nonadininistered trials - is assigned; a perfect 
score on the second trial is weighted 3, and 180 (60 x 3) plus the number of seconds 
stood on the first trial becomes the assigned test score; a perfect score on the third 
trial is weighted 2, and 120 (60 x 2) plus the number of seconds stood on the first two 
bemines the assigned test score; with subjects requiring a fourth trial the total nun- 
ber of seconds stood on the four trials becomes the assigned test score, 
&and on One Leg Eyes Closed (SOLEC), Subjects undertake this test upon com- 
pletion of the SR, The task consists of standing on each leg (SOLEC-R and SOLEC-L) 
with arms folded against &est. A inaxiinuin of five trials is administered. Testing on 
each leg is discontinued when the criterion score of 30 seconds is obtained on any trial. 
Subjects are not permitted to inake this a dynamic test by virtue of moving the standing 
foot in any way, However, any amount of inoveinent of the opposite leg or of the body 
is permitted as long as the body is maintained in an erect or near-erect position. 
Subjects are permitted to close their eyes at any time after assuming the correct body 
position. Subjects who violate the static foot requirement are stopped immediately, 
and number of seconds stood prior to the violation constitutes the trial score. Sub- 
jects begin the test on the leg of their choice. Subjects who require more than one 
trial on each leg (stand less than 30 seconds) are requested to alternate legs on addi- 
tional trials in the interest of reducing fatigue. A perfect scoze on the first trial is 
weighted 5, and a perfect test score of 150 (30 seconds x 5 trials) - credit for non- 
administered trials is given as for the SR test - is assigned; a pe et score on the 
second trial is weighted 4, and a score of 120 (30 x 4) plus the number of seconds 
stood on the first trial is assigned; a perfect score on the third trial is weighted 3, 
and a score of 90 (30 x 3) plus the number of seconds stood on the two previous tests 
is assigned; a pe ct score on the fourth trial is weighted 2, and a score of 60 (30 x 2) 
VOL I11 245 
onds stood on the 
s test upon completion 
of the SOLEC, The task consists of walking as straight as possible a 'I-fOOt long line 
on the floor at a walking speed typical to the subject, with arms folded against chest 
and feet tandem, heel-to-toe (shoes on), Trials during which the foot position is 
violated either by non-tandem alignment of feet or by toe not touching heel are not 
scored, A maximum of five nonscorable trials is permitted, Each scorable trial 
requires that subject walk the entire 'I-foot distance. Subjects alternate their starting 
position froin trial to trial. The number of inches of deviation from the line (mea- 
sured to the nearest tnch froin the center of the foot) at the end of its 7-foot length 
constitutes a trial score, and the total of the two best trials out of three (best equals 
least deviant froin the line) constitutes the test score. Subjects not meeting the cri- 
teria for scorable trials are scored as unable to perforin (UTP). A major limitation 
of the WALEC procedure is that in notably ataxic individuals the qualitative per- 
forinanee is often more deviant from normal than the individual's score would indi- 
cate. Hence, the addition of the WOFEC to the test battery. The WALEC appears to 
be as much or inore a test of spatial orientation than of a test of ataxia. 
Walk on Floor Eyes Closed (WOFEC), This test and the WALEC are admin- 
istered simultaneously. The task consists of walking as straight as possible five 
heel-to-toe steps beyond the first two starting steps. A inaxiinum of five trials is 
administered, The best three out of five trials constitute the score. The maximum 
test score obtainable is 15 (5  steps x 3 trials). 
Eyes Open Tests and the Classical Romberg. Subjects with unusually poor eyes- 
closed test performance scores also are administered the Classical Romberg (CR) 
test with eyes closed, followed by the eyes open versions of all test procedures, viz, , 
SR E/O, SOLZC (R and/or L), WALEO, WOFEO, and CR E/O). 
The only inodificdion of the NAMI procedure is reducing the linear walking dis- 
tance froin 12 to '9 feet to conform more to the spatial restrictions of the space vehicle 
environment. Studies at GDC using only a five-foot by five-foot grid have demon- 
strated sufficient sensitivity to postural stability defects. Cinegraphic records and 
subjective comments will provide ancillary data. To implement the former, cine 
cameras will photograph in both tangential and axial directions continuously during 
testing, The Subject will wear stretch pants marked with longitudinal reflecting 
stripes to facilitate subsequent evaluation. EPO rating on the factor of Test Sub- 
ject Activity is good for EPO (g), It will not facilitate the WOFEC and WALEC, 
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r of repetitions md their mission schedule are as detailed 
Maximum number of data points per repetition would be 12 points 
n environment so hostile that CR and EO tests are require 
EC are required, the total would be 10 points. Time per Data Point is 0,083 hours, 
Number of Data Points per Subject per experiment is 21 x 12, or 252. EPO ratings 
on time factors are the same as for Experiment II-1.1 Measurement Environment 
discussion and ratings are the same as Experiment 1-1.1 , with the exception that 
the spin ceiling is reduced to 8 rpm. 
1' 
1 
Experiment 0b:ective Attainment ratings are the same as for 1-1,la 
Crew Time per Data Point is#,166 hours. Weight Per Experiment is 0,2 lbs, 
1' 
Volume per Experiment is 0.01 ft . 
II-7.0 Passive Radial Locomotion 
II-7.1 Passive Radial Locmotion - The Objective is to determine the Sub- 1 
jects tolerance of passive radial locomotion through& a nominal loange of artificial 
gravity as %t function of locomotion rate. 
The Coriolis forms acting on personnel while they are being moved radially may 
cause difficulties and require safety restraints. Calculations of these forces have 
been made, but experimentation is required to establish their influence on persons 
being so transported. There are no presently available data on the effects of passive 
radial motion on the stimulation of the vestibular and proprioceptive systems of a 
person in a rotating environment, 
Elevator devices may be used in a hypogravity environment to move persons 
and equipment rapidly and precisely. The astronaut may have to be rest 
properly in the elevator so that he is not projected into some object whe 
comes to a halt. The astronaut may experience some vimal disturbances during 
up and down motions of the elevator, the seriousness of which is not known at this 
time. During passive radial motion in a rotating environment the astronaut may 
also require restraint because of being subjected to Coriolis forces, The mriolis 
forces stimulatehis vestibular as well as proprioceptive sensors and result in 
illusions of tilt that may be disturbing,, Vascular bdrostatic pressure changes 00 
with radial motion and it is not known how well the cardiovascular system will 
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toler gnificant in lim 
tolerable rate of passive translation, 
Tests of standing and se ~ u b j e c t s ~  in var 
radially transported at various rates are required in artificial-g in order to ensure 
that the geogravitational vector associated with the ground-based tests does not inask 
some of the ef3ects of passive radial motion. The spacebased measurements will help 
ensure that passive radial transport on an operational basis will have neither a debili- 
tating nor a hazardous effect on an astronaut, 
s orthogonal o ~ e ~ ~ i o n s ~  bei g 
The Experimental Source Reference is the AGC. The Measured Phenomenon is 
the Subject's tolerance of different rates of passive radial locomotion, as determined 
by subjective, cinegraphic and cardiovascular criteria, Coininon-use equipment 
include cinegraphic cameras. Major Instmnents or  Apparatus (experiment-peculiar) 
are a radial elevator, an electrocardiograph and automated blood pressure equip- 
ment, and a questionnaire. The radial elevator allows the Subject to be comfortably 
restrained in both standing and sitting positions while oriented tangentially or axially, 
and is capable of being driven at controlled rates. 
, 
The Subject's Pre-Test State and its EPO ratings are the same as detailed 
for II-1.1 
down at each of five different rates, while standing and seated, while oriented tan- 
gentially or axially, while being monitored by videocainera and E CG and BP equip- 
ment. The Subject also evaluates his responses subjectively by responding to a speci- 
fic questionnaire. The number of repetitions and their mission scheduling are as 
detailed in Experiment 11-1.1 Each Phase II/III repetition consists of 60 trials 
1. (5 rates, 2 orientations, 2 postures, 3 trials each), with a single trial including both 
an up and down translation. Each Phase IV repetition consists of 30 trials (only 
one orientation - worst case as determined in Phases rr/m - is involved). Phase II/ 
IPI remit ion time is 1.5 hour. (20 inin. setup, 60 min. test, and 10 min. cleanup) , 
Phase N repetitions last one hour. Acceptability of the various passive radial 
locomotion options consists of an integrated function of cardiovascular, postural 
stability, and subjective tolerances. EPO ratings for Test Subject's Activity are 
as follows: 
The Test Subject's Activity consists of being transported radially up and 1' 
EPO (g) is rated unacceptable because of its severely limited radius. EPO (i), 
which will allow translation over at least 2 body lengths is rated as fair. EPO's (k) 
and (k') - if they are configured as the conceptual designs indicate-will not have the 
connecting tunnel exactly aligned with the radial force vector. This will introduce 
some extraneous factors and results in a rating of rrgood" for this configuration. 
EPO (in) can accommodate a short, internal translator (about 16 ft) but otherwise 
must rely on altering the radius of the entire configuration during rotation. This 
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hits t e to ve 
T rirnent and ings a 
with the exception of EPO (m) which requires excessive time for radius change an 
is rated as poor. 
The Nuinber of Data Points is 810: 540 from Phases II/III (2 orientations, 9 rpm/ 
g-level environments, 2 postures, 5 locomotion rates, 3 tolerance criteria), and 270 
froin Phase IV (1 orientation, 2 postures, 5 locoinotion rates, 3 tolerance criteria, 
3 radii, and 3 durations of partial-gravity exposure). Total experimental time 
penalty is 22.5 hours@ giving a T h e  per Data h i n t  of 0.028 hours. The Measure- 
inent Environment and ii;s EPO ratings a re  the same as for n-403 with the 
exceptions that the reduction in rpin ceiling requirement froin 8 rpm to 6 rpm in- 
creases the ratings for  all EPO(s) to Excellent for this factor. 
1' 
The Experiment Objective Attainment rating for EPO (g) is unacceptable because of 
the radial lirnitations. EPOs (i) and (k') are rated good on the basis of their adequate 
radius - 15 f t  is considered a ininbnlun - and otherwise excellent factors. EPO (k) 
is considered excellent for this experiment, especially if the tunnel can be aligned 
with the radial force vector. EPO (in) is rated as poor because of radius change 
problem. Crew Time per Data Point is 0,056 hours. Weight and Volume per 
Experiment are TBD, due to the dependence of the elevator design on undefined EPO 
details e 
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VQL III 
If a manned space system is reliable, and also habitable, then the mission ob- 
jectives for which it was designed can be accomplished. The Artificial Gravity Com- 
mittee defines the condition of being habitable as providing conte,mporary living 
accommodations for the off-duty portion of t space flight day, and defines habit- 
ability as being no more than a critical analysis of the aspects of everyday living. 
Habitability, as a study discipline, does not lend itself easily to a classical ex- 
perimental approach. While reductions in habitability may be reflected in adverse 
changes in crew physiology, performtnce or social interactions, it  is sometimes dif- 
ficult, if not impossible, to obtain a ‘measurement of enhanced habitability occurring 
within the range of acceptable habitability. Intuitively, it is realized that ideal sur -  
roundings are conducive to optimal crew function, but i t  is not always possible to 
demonstrate this fact. 
Habitability experiments for an artificial gravity environment will not vary 
from those in zero gravity except as affected by the peculiarities of rotation 
Coriolis forces, variations in friction, cohesion/adhesion, and the effects of gravity 
gradients will be the predominate deviations encountered. Since habitability is gen- 
erally measured in relation to established standards, the overall influence of the 
artificial gravity environment wil l  be evaluated similarly. The duration and ease of 
habituation to its dynamic characteristics may be the most important issues of all, 
with the determination of its convenience (nuisance) being the single most important 
factor. Primarily, i t  will be compared to the earth or  lunar environment and an 
overall subjective evaluation be accomplished. 
The Artificial Gravity Committee divides proposed habitability experiments 
into three types. Type I involves ecological evaluations : experiments providing a 
subjective critique of general arrangements, temperature, color, gravity comfort 
levels, and cumulative nuisances and/or acceptabilities. Type I1 consists of experi- 
'merits evaluating relative convenience of optional arrangements for sleeping, eating, 
and hygiene facilities, primarily to assess Coriolis and gravity levels. Type I11 
consists of physical experiments to provide design data by determining the utility of 
various hypogravita tional levels for friction, adhes ion/cohesion vis cos i ty and 
settling . 
As with the Medical/Physiological and Performance experiments previously 
discussed, the Habitability experiments that follow are primarily those suggested in 
the AGC report. They represent a comprehensive-enough program to provide the 
information needed to design an artificial gravity vehicle of optimal habitability. 
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III-1,11 - The objective is to de- 
termine the threshold-g for stable object implacement within a nominal range of 
artificial-g environments 
A number of factors affect the stability of an implaced object and are con- 
trollable in conducting experiments under varying g-levels. These factors can be 
separated into object, driver, and support interface characteristics. Object char- 
acteristics include its geometry. mass, and mass distribution. Driver character- 
istics include the imposed force and the point of imposition relative to the object's 
center of mass e The object/support interface characteris tics include the contacting 
geometries, ares of contact, and frictional coefficient. Finally, the effective g- 
level involves the absolute g-level and its alignment to the object/support interface 
being considered. Stability is improved by such design measures as a wide base, 
large mass, low center of mass, a high g-level, and a minimum angle between the 
resting or supporting surface and the local horizontal. 
The increased complexity of implaced object stability experimentation in an 
artificial-g field relative to a normogravitational field is typified by the consideration 
of the object/support interface geometry: i f  the supporting surface were contoured 
for uniform g-level, the object base could be similarly contoured and consistently 
oriented witn cylinder elements parallel to the axis of rotation and the impact force 
be applied axially also. A change in radius of rotation, however, would result in a 
rocking contact unless the object radius was altered to conform. Misalignment of 
the test object would also result in a rocking contact. Rotation of the object about 
its vertical axis would also be constrained. If the supporting surface were contour- 
ed for uniform g-level and the object base made planar, a rocking contact would 
exist for circular bases regardless of object orientation and for rectangular bases 
unless one pair of opposing edges were parallel to the axis of environmental rota- 
tion, in which case the radius of the supporting surface would be immaterial. 
Rotation of the object about its vertical axis would also be constrained. If both the 
supporting surface and the object surface were planar, no rocking forces would be 
introduced due to orientation and no object rotational constraints would be imposed. 
If the loation of the object were to deviate from the radial plane normal to the 
plane of the supporting surface, small lateral forces would be imposed on the object. 
For  a given deviation distance, these lateral forces would increase as the radius 
decreased. However, since the mechanics of stability are straightforward and 
amenable to mathematical analysis whether a spacebased o r  groundbased situation 
is involved, only a minimum program of confirmation should be required in the 
spacebased situation. Subsequent Experiments 111-1.4 and 111-1.5 would comple- 
ment this experiment by helping to define what might be termed a "utility threshold'' 
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for stability of implacement: stability involving not only the solid container, but 
also contents of various viscosities masses, and adhesive characteristics being 
employed in preparation, transfer, and ingestion activities , with esthetics and 
crew temperament also being contingencies 
The Experimental Source Reference is the AGC. The Measured Phenomena 
are the dynamic responses of the test objects to graded impact and static forces, 
responses being assayed using direct visual and cinegraphic observation. Common- 
use equipment include a restraint chair/work bench unit, a voice log, and cinegraph- 
ic cameras. Major Instruments o r  Apparatus (experiment-peculiar) are the test 
objects, spring-loaded driver, acd support board. The support board is 8 inches 
wide by 10 inches long. surfaced with material having a single coefficient of friction. 
The test objects are four in number: all being cylinders that are nominally 6 inches 
in height and 2 inches in diameter, all having their ends surfaced identically - 
with opposite ends having dissimilar coefficients of friction - , with two having 
low centers of mass and two having medium centers of mass. The objects consist 
of washer-shaped masses and spacers stacked on a central stem so that variations 
in frictional coefficients o r  in mass distribution can be accomplished by rearrange- 
ment or substitution if initial spacebased testing demonstrates that the test objects 
require alteration. The ends are reversed to change the effective coefficient of 
friction at  the support interface during nominal testing. Static forces a re  applied 
to the object by a jig-mounted compression spring, to which a guided mass is at- 
tached to provide impact forces. 
This is a physical experiment, to be conducted a t  the appropriate rpm/g-level 
environments during Phases I1 and 111. The Subject's (for physical experiments, he 
is actually the onboard examiner) Pre-Test State is immaterial - he need not be 
habituated to the environment to conduct the test. The Test Subject's Activity con- 
sists of performing the stability testing a t  each of the required rpm/g-levels. He 
is seated in the restraint chair with the test equipment setup on the work bench be- 
fore him. For each repetition, he first  conducts static-force trials to determine 
the boundary point between sliding and tilting reaction, then conducts impact-force 
trials within the tilting sector. Although the test requirements 'may involve some 
contingency trial-and-error testing, time penalties can be reasonably estimated. 
Trials per repstition are 96 (1 object height, 1 force application point, 2 frictional 
coefficients, 2 centers of 'mass, 2 force levels 2 orientations - tangential and 
axial - , 3 trials per testing condition, and 2 driving modes - static and impact). 
EPO ratings for Test Subject's Activity are excellent for all. 
Total Time for the experiment and its EPO ratings are the same as detailed 
for Experiment 1-1. lal. The Number of Data Points is 288 (2 frictional coeffi- 
cients, 2 centers of mass, 2 force levels, 2 orientations, 2 driving modes, and 
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9 rpm/g-level environments) e Total experimental time penalty is 6 e 75 hours (each 
repetition requires 45 minutes - 10 minute setup, 30 minute test, and 5 minute 
cleanup). Time per Data Point is 0.023 hours. The g-level ratings for this physi- 
cal experiment differ on rationale from most of the psychophysiologic studies pre- 
viously considered in that the range of g-levels available is the sole criterion, with 
no rating value given for capability for multi-radial testing per rpm. A s  such, 
the g-level rating scale used was: 
Excellent: 
Good : '0.5 gg-mpximum c0.8 
; g-range up to a maximum of 0,8 (A11 Ems) 
Fair: 10.3 sg-maximum <0.5 
Poor: 10,l sg-maximum cO.3 
Marginal : 0 <g-maximum cO.1 
The g-gradient ratio range is 0.008 to 0.031 (calculated on a six inch object height), 
and since this parameter is radius-dependent, the EPO ratings are the same as  
Experiment I-l . la1 and are  excellent for all EPOs. Ratings for rpm are the same 
as for Experiment 1-2.11 and are again, all excellent. 
As the EPOs are constrained to a specific rpm profile during Phase II/III 
and the experiment is essentially unaffected by Coriolis effects, the Experiment 
Objective Attainment ratings relate primarily to the g-level validities at those spin 
rates. A s  a result, all EPOs are considered fair with respect to this factor. If 
experiment redesign were specified so as to allow adjustment of rpm in determining 
the stable object placement threshold, then all EPOs would be rated as excellent. 
111-1.21 Threshold-g for Holding Fluids as a Function of Viscosity - The 
Objective is to determine the threshold-g for fluid containment, as a function of 
fluid viscosity, within a nominal range of artificial-g environments. 
Food and beverage preparation and serving equipment and utensils developed 
under groundbased conditions have geometries and material characteristics influ- 
enced by functional and esthetic considerations, including a t  least .minimal speci- 
fications that discourage spillage by upset, slosh, etc. Although closed containers 
and pressurized deliveries, and consumables compatible with these measures, 
have been used in zero-g missions, the conventional groundbased devices and .me- 
thods confer a higher order of habitability. The use of open vessels for fluid con- 
tainment depends on gravity to apply a normal force for frictional restraint, and 
viscosity to damp flowing o r  sloshing actions initiated by transport accelerations 
o r  inadvertent tmpacts. 
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mental Source ~ e f e r e n c e  is the AGG, T Measured Phenomenon 
is the degree of fluid retention by the test receptac e in response to graded 
as a function of fluid viscosity, ientation, and g-levelm 
using direct visual and cinegmp observation and read 
probe. Common-use equipment include a restraint chair/work bench unit, an ana- 
log recorder, a voice log, and cinegraphic cameras, Major Instruments or  Appara- 
tus (experiment-peculiar) are the four identical fluid containers (each with a trans- 
parent, non-wetting, plastic bub e cover, and each with a vertical conductive probe 
to measure fluid movement in response to graded impacts), the four test fluids 
(each of a different viscosity, each colored for easy visualization, and each placed 
in one of the four containers), the spring-loaded impactor, and the support board, 
onses are assayed 
m a conductive 
The Subjectqs Pre-Test State and EPO ratings are the same as for 111-1. 11, 
as are essentially the Subject% Activity and its ratings, N o  static force applications 
are required, only impact forces. Trials per repetition a re  48 (4 fluid viscosities, 
2 impact levels, 2 impact orientations - tangential and axial - and 3 trials for 
each condition). Total Time for the experiment and its EPO ratings a re  the same 
as  detailed for Experiment 111-1.11. The Number of Data Points is 144 (4 fluid vis- 
cosities, 2 impact levels 2 orientations , and 9 rpm/g-level environments). Total 
experimental time penalty is 4 . 5  hours (9 repetitions requiring 30 minutes each - 
5 minute test, 5 minute cleanup), giving a Time per Data Point 
of 0.031 hour. The Measurement Environment and its EPO ratings are the same 
as for 111-1.11, with the exception of a lower g-gradient ratio (0.005 to 0.021) 
based on a fluid depth of four inches. 
Experiment Objective Attainment and its EPO ratings are the same as for 
Experiment III-1,11. Crew Time per Data Point is 0,031 hour. Weight per Ex- 
periment is 12 Ibs. Volume per Experiment is 
Ip_____ 111-1.31 - The Objective is to determine 
the threshold-g for food solid settling within a nominal range of artificial-g en- 
vironments e 
Settling rates of individual particles in quiescent air is a function of aero- 
dynamic shape. size, orientation, and surface condition; mass; force provided by 
g-level; and a i r  density, The settling rates for a group of particles being poured 
into a receptacle, or  within a container, may be further complicated by air  dis- 
turbances generated by adjacent particles o r  by agglomeration of particles producing 
changes in aerodynamic configurations, In addition to the need for a spacebased 
confirmation of groundbased analytic predictions of settling in an artificial-g en- 
vironment, the complexity of the physical system involved - in contrast, for 
example, to that of Experiment III-1, I - decreases the reliability of 
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groundbased projections increasing the d for spacebased research. 
The Experimental Source Ref rence is the AGC, The Measured Phenomenon 
is the rate of food particle settling through a clibrated vertical distance as measured 
by the dependent mass accumulation per unit time. Common-use equipment include 
a restraint chair/work bench unit, a voice log, and cinegraphic cameras. Major In- 
s truments or Apparatus (experiment-peculiar) include the settling rate device and 
food solid test samples. The settling rate device consists of a trap elevated 1 foot 
above a weighing pan, with trap release and pan weight integrated into a time record. 
The sample food aggregates are eight in number - four consistencies from fine to 
coarse, prepared both wet anci dry. 
The Subject's Pre-Test State and EPO ratings are  the same as  for Experiment 
111-1. 11, as a re  essentially the Subject's Activity and its ratings. Trials per repeti- 
tion are 24 (8 aggregates, 3 trials each). Total Time for the experiment and its EPO 
ratings are the same as detailed for Experiment 111-1.11. The Number of Data 
Points is 72 ( 8 aggregates, 9 rpm/g-level environments). Total experimental time 
penalty is the same as Experiment 111-1.21, giving a Time per Data Point of 0.063 
hours. The Measurement Environment and its EPO ratings are the same as for 
Experiment 111-1.11, with the exception of a higher g-gradient ratio (0.016 to 0.063) 
based on a sample drop of 12 inches. 
Experiment Objective Attainment and its EPO ratings are the same as for 
Experiment 111-1.11. Crew Time per Data Point is 0,063 hours. Weight per Ex- 
periment is 9 lbs. Volume per Experiment is 1 . 5  ft . 3 
111-1.41 Table, Seating;, and Food Arrangement - The Objective is to deter- 
mine the acceptabilities of table, seating, and food arrangements throughout a 
nominal range of artificial-g environments e 
In contrast to the preceding three physical experiments, this area of interest 
is one of the convenience studies (Type I1 in the AGC habitability designation). As 
such, it involves problems less susceptible to groundbased resolution than the physi- 
cal studies, since i t  is less amenable to mathematical analysis. A significant aspect 
of an habitable artificial-g environment will be the provision of optimal table, 
seating, and food arrangements. Eating is not only a nutritional requirement, but 
also represents an event of conditioned importance for human relaxation and social 
interaction. Indeed, in a demanding mission schedule, ,mealtime may be one of the 
few consistent opportunities for crew social function. The same characteristics of 
the artificial-g environment of concern in previous experiments form the important 
independent variables in this study: the g-level, the Coriolis forces due to rotation, 
and the interaction of inertial and Coriolis forces, While the crew members will 
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be completely habituated, in a vestibular sense, to the particular artificial-g en- 
vironment, proprioceptive coriolis effects may still be troublesome in their in 
on the mechanics of dining. The tangential versus axial dimensions of the dining 
table and the seating arrangement relative to i t  will influence the impact of the non- 
uniform inertial force field and the arrangements, as well as the ease of interaction, 
of personnel, Food and utensil arrangements on the table will influence the mechan- 
ical effects of the Coriolis accelerations on crew handling of items on the table. A s  
detailed in several of the previous experimental descriptions, nonaxial components 
of an items translation or  rotation relative to the plane of environmental spin will 
subject them, respectively, to linear and angular Coriolis forces. Radial ('vertical') 
movement of items will produce weight changes. Al l  of these perrotational phenom- 
ena, singly and/or in combination, may influence the dining arrangements and, 
therefore, must be iwestigated in space. 
The Experimental Source of Reference is the AGC. The Measured Phenomena 
a re  the acceptabilities of various table, seating, and food arrangements as a function 
of each of the artificial-g environments within the nominal range. Acceptability is 
determined by using subjective and cinegraphic evaluations and time-and-motion 
criteria. Common-use equipment include a reconfigurable dining table and chairs, 
dining utensils and food items, and cinegraphic cameras. Major Instruments or  
Apparatus (experiment-peculiar) are the specific questionnaires to be filled in by 
the Subject. 
This experiment is to be conducted a t  the appropriate rpm/g-level environ- 
ments during Phases I1 and 111, The Subject's Pre-Test State and its EPQ ratings 
a re  the same as for Experiment 11-1.11. The Test Subject's Activity consists of 
arranging the table, seating, utensils, and food, of eating the prescribed meals, 
and of making subjective evaluations of the various arrangements 
tions of personnel will be used: tangential with and against rotation, and axial. No 
changes in item o r  personnel orientation or table configuration are to be made dur- 
ing a meal - unless functionally necessary - 
each meal of the day. Orientations and arrangements will be ordered for the three 
meals of each day spent at  a specific rpm/g-level so that bias due to cumulative 
exposure will be minimized. EPQ ratings for Test Subject's Activity a re  excellent. 
Each meal is colisidered a repetition. Total Time for the experiment and its EPO 
ratings are the same as detailed for Experiment 111-1.11. The Number of Data 
Points is 81 (3 meals in each rpm/g-level environment, 3 aspects to evaluate - 
table, seating, and food arrangements, and 9 rpm/g-level environments). Assum- 
ing the only experimental time penalty to be a 10 minute questionnaire response for 
each meal, the total experimental time penalty is 4,5  hours. This gives a Time 
per Data Point of 0,055 hours. Measure,ment Environment is considered excellent 
Three orienta- 
changes being introduced prior to 
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for all EPOs at g-levels and angular rates over the full  rsnge of 1 to 6 rpm can be 
provided e 
For Experiment Objective Attainment, EPO (g) is rated poor, since its over- 
all Measurement Environment rating is reduced by the inability to study communal 
dining and its effect on the arrangements. All other EPOs are rated good on their 
overall Measurement Environment ratings. Crew Time per Data Point is 0.055 
hours. Equipment Weight and Volume per experiment are not significant (NS). 
111-1.51 Threshold-g for Eating Comfort - The Objective is to determine the 
threshold-g for eating comfort within a nominal range of artificial-g environments. 
Like Experiment 111-1.41, and in contrast to the physical experiments con- 
sidered, this experiment considers aspects of eating that resist  groundbased reso- 
lution either by empirical and/or analytical means. This experiment is based on 
the premise that optimal habitability relative to eating can only be achieved by pro- 
viding the crew with conventional food and implementing their consumption of it 
using conventional techniques and utensils. The threshold-g for eating comfort, 
therefore, will be that minimal artificial-g level that provides such conventional 
confort in dining. Because the crew will be habituated, in a vestibular sense, to 
each particular rpm/g-level in the experimental inertial profile, dining comfort 
will primarily relate to the same factors considered in Experiment 111-1.41, the 
characteristics of the rotational force field that may affect the mechanics of eating, 
particularly the controlling of food with conventional utensils regardless of changes 
in weight and imposed accelerations due to gravity gradient and Coriolis effects. 
The Experimental Source Reference is the AGC. The Measured Phenomenon 
is the level of eating comfort as a function of each of the artificial-g environments 
within the nominal range. The comfort level is determined entirely on the basis of 
crew judgements as evidenced by the responses to appropriate questionnaires 
Common-use equipment include conventional dining table and chairs, utensils, and 
food items. Major Instruments or  Apparatus (experiment-peculiar) are the specific 
questionnaires to be filled in by the Subject. 
This experiment is to be conducted a t  the appropriate rpm/g-level environ- 
ments during Phases I1 and 111. The Subject's Pre-Test State and its EPO ratings 
are the same as for Experiment II-1,11. The Test Subject's Activity consists of 
eating the ,meal in as conventional a manner as is possible and of making subjective 
evaluations of the activity's acceptability by responding to the questionnaire immed- 
iately following the meal. The same three orientations of Subject relative to the 
orthogonal axes of the EPO will be used as in Experiment 111-1.41 (tangential, with 
and against rotation, and axial) since they will be conducted simultaneously. EPO 
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-1,41. Each meal is con- 
its EPO ratings are the 
ts is 27 (3 meals in each 
vironments). (Note:. For 
ts are integrated into a 
only experimental time penalty 
the total experimental 
Point of 0.017 hours. The 
same as for Experiment 
same as detailed for 
ement Environment 
Experiment Obje ve Attainment ratings are the same as for III-1.41 with the 
exception that the good rating for  EPOs (i), (k), (k') and (m) a re  reduced to fair be- 
cause g-level is not specifically being varied in the experiment in order to establish 
a minimum comfort threshold. Crew Time per Data Point is 0.017 hours. Equip- 
ment Weight and Volume per experiment are not significant (NS). 
111-1 6 -1 Location, Position, and Configuration of Dining Room - The Objective 
is to determine the preferred structural location and orientation, and architectural 
configuration, of the dining room within a nominal range of artificial-g environments. 
Several questions considered in this experiment, particularly the location and 
orientation of the dining room, will a t  least be partially answered within the context 
of the previous 111-1.0 experiments described. The crux of the overall design chal- 
lenge is to provide sufficient artificial-g, while minimizing the Coriolis to gravity 
ratio, As present design concepts call for radial stacking of compartments in space 
stations, and Coriolis forces, per se, are radius independent, design information 
relative to the positioning of dining facilities along the radius will be of major im- 
portance, Also of fundamental importance will be the allocation of floor space in 
the dining area, since axiaf translations, in contrast to tangential translations will 
be free of Coriolis disturbances, and all station layouts will compete for a favorable 
orientation of their major axes. It should also be emphasized that part of this ex- 
periment (Phases I1 and III) is conducted simultaneously with 111-1.41 and 111-1.51, 
the same meal consumptions providing data for all three experiments. The archi- 
tectural Configuration involves not only asp 
but also requirements to ,minimize the possible visual and functional impacts of 
the conflicts between rectilinear architecture, the radial vertical, and the circum- 
ferential horizontal. The subtleties of configuration selection place it  in Habitability 
Experiment Type (I) for ecological evaluation, requiring prolonged exposure for 
delineation of cumulative effects. For this reason, the duration of the experiment 
includes the 42 days a t  partial gravity (Phase IV). A s  with the previous 
of effective compartment utilization, 
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experiments, groundbased architectural concepts can only be validated in a space- 
based rotational environment. 
The Experimental Source Reference is the AGC, The Measured Phenomena 
are the acceptabilities of dining room locations positions and configurations as 
determined by subjective, cinegraphic, and time and motion criteria. Common- 
use equipment include reconfigurable tables and chairs, conventional utensils and 
food items, and cinegraphic cameras a Major Instruments or Apparatus (experi- 
ment-peculiar ) are re configurab le architectural components and Subject question- 
nairea . 
This experiment is to be conducted at  the appropriate rpm/g-level environ- 
ments during AGC Phases 11, 111, and IV. The Subject's Pre-Test State and its 
EPO ratings are the same as  for 11-1.11. The Test Subject's Activity consists of 
arranging the table and seating, the utensils and the food, assisting in reconfiguring 
room structure elements, consuming the test meals, and responding to the question- 
naires. EPO ratings for this factor are marginal for EPO (g), due to very limited 
space available; good for EPO (i), which has somewhat more utilizable internal 
volume, and excellent for other EPOs. Each meal is considered a, repetition. The 
Total Time of the experiment and its EPO ratings are the same as for 11-1.11 with 
the exception of EPO (g) which is reduced to poor because of the extended (42 days) 
habituation time. The Number of Data Points is 459: 8 1  during Phases II/III (9 
rpm/g-levels, 1 day in each rpm/g-level environment, 3 criteria - location, posi- 
tion, and configuration - , 3 meals/day) and 378 from Phase IV (3 meals/day, 3 
criteria, and 42 days of partial gravity exposure). (Note: For purposes of estima- 
tion, all questionnaire evaluation points are  integrated into the three primary cri- 
teria.) Assuming an experimental time penalty of 10 minutes per repetition, the 
total experimental penalty is 25,5 hours, and the Time per Data Point is 0.055 
hours. The Measurement Environment and its EPO ratings are the same as for 
Experiment 111-1.41. 
Experiment Objective Attainment ratings are the same as for 111-1.41, with 
the exception that EPO (g) is rated marginal due to the Subject Pre-Test State rat- 
ings and limited internal volume for rearrangement of furnishings. Crew Time 
per Data Point is 0.055 hours. Equipment Weight and Volume per Experiment 
are not significant (NS) 
111-1.7 1 - The Objective is to deter- 
mine the preferred location of the dining room relative to other co,mpartments and 
stations, as a function of the artificial-g environments within a nominal range. 
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ere ~xper iment  111 room location with 
straints of the 
and stations of 
the location as cons trained by co-location convenience with adjacent crew spaces 
This involves contingencies not wo 
Examples may include: the juxtap to those for food storage 
and preparation, to personnel hygiene facilities, and to the lounge (coffee, snacks, 
desert, recreational reading) ; the minimization of unrelated through-traffic; the 
prevention of noise (music, conversation, etc.) and light transmission to, e.g., 
sleeping compartments. The problem of co-location convenience is an ecological 
one, requiring prolonged exposure for resolution. 
oundbased dining facility- 
The Experimental Source Reference is the AGC. The Measured Phenomenon 
is the co-location convenience of the dining room relative to other compartments 
and stations as determined by subjective, cinegraphic, and time and motion mi- 
teria. Common-use equipment include translocatable dining room furnishings, 
conventional eating utensils and food items, and cinegraphic cameras. Major In- 
s truments or Apparatus (experiment-peculiar) are Subject questionnaires . 
The Subject's Pre-Test State and its EPO ratings a re  the same as for 11-1.11. 
The Test Subject's Activity consists of performing conventional dining activities, 
assisting in translocating dining room furnishings if required, and responding to 
the questionnaires. EPO ratings for this factor are unacceptable for EPO (g) as 
the volume constraints prevent realis tic co-locations to other compartments within 
the same artificial-g field, good for EPO (i), and excellent for EPOs (k) and (m). 
Each meal is considered a repetition. The Total Time of the experiment and its 
EPO ratings are the same as for 11-1. ll. The Number of Data Points is 153 @re- 
dicated on the co-location designation derived from each meal's questionnaire 
being one Data Point): 27 from Phases II/III (9 rpm/g-level environments, 1 day 
in each rpm/g-level environment, 3 meals/day), and 126 from Phase IV (42 days, 
3 meals/day). Assuming an experimental time penalty of 10 .minutes per repetition, 
the total penalty is 25.5 hours, and the Time per Data. Point is 0.017 hours. The 
Measurement Environment and its EPO ratings are the same as for Experiment 
111-1 e 41 
Experiment Objective Attainment ratings are the Same as for III-1.41, with 
the exception that EPO (g) is unacceptable due to rating on Test Subject's Activity. 
Crew Time per Data Point is 0.017 hours. muipment Weight and Volume per Ex- 
periment are not significant (NS). 
111-1.81 Acceptability of Color, Temperature, Noise, Lighting, etc. - The 
Objective is to determine the acceptabilities of the various rotationally-unrelated 
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physical stimuli (color, t empera tu~e~  noise, light 
throughout a nominal range of artificial-g environments ~ 
e dining room 
For optimal habitability, the provision of adequate volume ~ suitable configura- 
tion, and preferred location within artificial-g field must lemented with 
appropriate light levels, compatible schemes of color and internal decor, and mini- 
mal-s tress noise and temperature/humidity environments. The temperature and 
noise effects may be profound and/or subtle, the more dramatic responses being 
well documented in the literature. The more subtle effects of noise and thermal 
loads, as well as  the effects of lighting, color, and decor, alone or in combination 
with any of the environmental stimuli, are not so well delineated. The literature, 
again, bears testimony to the regretable frequency with which groundbase designs 
fail to meet optimal requirements in this area. The single and/or combined effects 
of these factors in the spacebased artificial-g environment pose an additional design 
challenge. Illumination, as well as color contrasts, will probably be significantly 
effective in reducing disorientation - that due to hypogravitation and/or rotation,. 
especially following radial interlevel transfers within the station, Color, illumina- 
tion, and decor - as well as the previously considered factor of configuration - 
may be employed to reduce unwanted visual conflicts due to the converging vertical 
field of the rotational plane. It may be determined, during prolonged spacebased 
exposure, that programmed variations in any o r  all of the environmental stimuli 
being considered a re  required to prevent a stressful magnitude of sensory depriva- 
tion. This experiment can be Considered a classical example of ecological habit- 
ability study, and, as such, involves maximum exposure duration. 
The Experimental Source Reference is the AGC. The Measured Phenomena 
are the acceptabilities of the various rotationally-unrelated physical stimuli (color, 
temperature, noise, lighting, etc. ) in the dining room as a function of each artifi- 
cial-g environment within a nominal range. Acceptability is to be determined en- 
tirely from Subject's responses to questionnaires. Common-use equipment include 
the dining facilities and test meals, with provision given for controlled variations 
in lighting, decor, color, and the effective acoustical and thermal environments. 
Major Instruments o r  Apparatus (experiment-peculiar) are  the Subject question- 
naires. 
The Subject's Pre-Test State and its EPO ratings are  the same as for 11-1,11 
The Test Subject's Activity consists of performing conventional dining activities, 
assisting in altering the environmental inputs if required, and responding to the 
questionnaires. EPO ratings for this factor are the same as  for 111-1.61 except 
that EPO (g) is rated poor rather than marginal for activity. Each meal is consid- 
ered a repetition. The Total Time of the experiment and its EPO ratings are the 
same as  for 111-1.61. The Number of Data Points is 612: 108 from Phases II/III 
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(9 rpm/g-level environments, f day per environment, 3 meals/day, 4 criteria) and 
504 from Phase IV (42 days, 3 meals/day, 4 criteria). Assuming a totail experi- 
mental time penalty of 25*5 hours the Time per Data Point is 0.042 hours. The 
Measurement Environment and its EPO ratings are the same as for Experiment 
111-1 e 41. 
Experiment Objective Attainment ratings are the same as for Experiment 
111-1.61 again with an exception with respect to EPO (g), which is rated as poor. 
Crew Time per Data Point is 0.042 hours, Equipment Weight and Volume per Ex- 
periment are not significant (NS). 
111-1.91 Food Preparation Task - The Objective is to determine the conven- 
ience and acceptability of food preparation tasks throughout a no.mina1 range of 
artificial-g environments. 
This experiment relates to food preparation as Experiments 111-1. 41 through 
111-1.81 relate to dining. As  such, the problems to be investigated are essentially 
common to both and will  not be repeated in this experiment's discussion. Conven- 
ience and acceptability, of course, overlap in a major sense; however, where 
acceptability might be emphasized relative to convenience if a conflict occurred in 
designing for food consumption, the reverse would be true in the food preparation 
task. 
The Experimental Source Reference is the AGC. The Measured Phenomena 
a re  the convenience and acceptability of the food preparation tasks as determined 
by subjective, cinegraphic, and time and motion criteria. Common equipment in- 
cludes food preparation facilities and cinegraphic cameras. Major Instruments o r  
Apparatus (experiment-peculiar) include any added utensiles and the Subject ques- 
tionnaires. 
The Subject's Pre-Test State and its EPO ratings are the same as for 11-1.11. 
The Test Subject's Activity consists of performing conventional food preparation 
tasks, introducing varying methods o r  equipment as required, and responding to 
the questionnaires. EPO ratings for this factor are the same as for 111-1.41. 
Preparation for each meal is considered a repetition. The Total Time of the ex- 
periment and its EPO ratings are the same as for 11-1.11 as this study involves 
ecological considerations requiring maximum exposure duration. The assumed 
number of criteria to be extracted from the questionnaires for purposes of esti- 
.mating data points are nine: configuration of utensils and their arrangement in 
the food preparation Compartment, the configuration of the compartment and i ts  
location within the artificial-g field, co-location convenience of food preparation 
compartment, and the acceptabilities of the compartment's color, temperature, 
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noise, and lighting. The Number of Data Points is 1377: 243 from Phases II/III 
(9 rpm/g-level environments, day in each rpm/g-level vironment, 3 meals/day, 
9 criteria) and 1134 from Phase IV (42 days, 3 meals/day, and 9 criteria). Based 
on an estimated total experimental time penalty of 51.0 hours, the Time per Data 
Point is 0.037 hours. The Measurement Environment and its EPO ratings are the 
same as for Experiment 111-1.41. 
Experiment Objective Attainment and its EPO ratings are the same as for 
Experiment 111-1.41. Crew Time per Data Point is 0.037 hours. Equipment 
Weight and Volume per Experiment are not significant (NS). 
111-2.0 Garments and Laundry 
111-2.11 Threshold of Shoe Adhesion that Improves Traction/g-Level - The 
Objective is to determine traction as a function of shoe adhesion throughout a nom- 
inal range of artificial-g environments. 
Adhesion improves traction and is not as dependent as friction on the normal 
force provided by body mass and g-level. However, adhesion is likely to be a 
potential irritant to the crewman - producing a sensation similar to walking on a 
newly painted floor that is still tacky. It would seem that in a hypogravitational 
environment, a maximum of shoe sole frictional coefficient would be desirable so 
as to derive a maximum foot traction for a given g-level. This is important since 
an unrestrained individual's ability to exert horizontal force components - whether 
to resist Coriolis forces or  to impose positive forces - depends upon a point of 
traction. With maximum friction coefficient available, any additional traction 
would have to be provided by adhesion. The most acceptable sole adhesion, there- 
fore, would be the minimum level (therefore the least potential for irritation) that 
would provide adequate traction for the given g-level. Adequate traction would be 
a function of the maximum level of horizontal force the astronaut would be required 
to exert while unrestrained. A s  this experiment involves only variable g-levels 
and shoe sole adhesion options, it is amenable to groundbased mathematical analy- 
sis and test, and requires only spacebased confir,mation. 
The Experimental Source Reference is the AGC. The Measured Phenomenon 
is foot traction as a function of shoe sole adhesion for each artificial-g environment 
throughout a nominal range, with traction determined by the amount of horizontal 
pull that can be exerted. Common-use equipment includes a recorder to receive 
and store analog data. Major Instruments o r  Apparatus (experiment-peculiar) 
include test shoes with four sets of interchangeable soles, each having the same 
friction coefficient but different adhesive characteris tics, and the horizontal pull 
device which provides a spring-loaded, measured, resistance to pull against. 
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The Subject% Pre-Test State and its EPO ratings are the same as for Ex- 
periment 111-1.11. The Test Subject's Activity consists of wearing each of four 
shoe sole options - one having a maximum frictional coefficient with no adhesion, 
the other three supplementing the frictional coefficient with different levels of 
adhesion - 
points for pulls while wearing zero-adhesion soles will indicate traction levels due 
to nominal friction only, Deviation from traction curves plotted €or other soles as 
a function of g-level will be due to adhesive contribution to traction, with point of 
deviation being the threshold in each case. Each repetition consists of 12 trials 
(4 sole options, 3 trials each) and requires 30 minutes (15 minutes setup, 10 min- 
utes test, 5 minutes cleanup) to conduct. EPO ratings for Test Subject's Activity 
are the same as for 111-1.41. The Total Time of the experiment and its EPO rat- 
ings are the same as for 111-1.11 - both being physical (Habitability Category 111) 
experiments. The repetition Interval is 24.0 hours. The number of Data Points 
is 36 (4 sole options, 1 repetition a t  each of 9 rpm/g-level environments). Based 
on a total experimental time penalty of 4.5  hours, the Time per Data Point is 0.13 
hours. The Measurement Environment and its EPO ratings are the same as for 
Experiment 111-1. 41. 
and exerting horizontal pulls to the point of traction break, Break 
Experiment Objective Attainment ratings are the same as for Experiment 
111-1.11. Crew Time per Data Point is 0.26 hours. Weight per Experiment is 
10 lbs. Volume per Experiment is 0 . 4  ft3. 
111-2.21 G-Threshold for Water Settlinff Under Agitation - The Objective is 
to determine the rate of water settling under agitation as a function of the various 
artificial-g environments constituting a nominal range. 
To determine the feasibility of using a conventional agitation clothes-washer 
as a function of artificial-g levels, i t  is necessary that the rate of water settling, 
under agitation and through a mat of fabric, be determined throughout a nominal 
artificial-g range. As a weight-settling study, certain of its aspects are in com- 
mon with Experiment 111-1.31, the study concerned with the settling of food solids. 
Like that experiment, this study also presents a reasonably complex physical sys- 
tem that requires spacebased research for a confirmation of groundbased analysis. 
In this study, both the forces of agitation and the contained fabrics present impedi- 
ments to nominal settling for a given g-level. 
The Experiment Source Reference is the AGC, The Measured Phenomenon 
is the rate of water settling through a calibrated vertical distance containing a .mat 
of fabric, while under agitation, as measured by the dependent mass accwmulation 
per unit time. Common-use equipment includes a restraint chair/work bench unit, 
a voice log, and cinegraphic cameras. Major Instruments or  Apparatus 
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(experiment-peculiar) include the settling rate device a The settling rate device 
consists of a dumbbell-shaped container, made of non-wetting transparent plastic, 
suspended in a frame linked to a mechanical agitator. Each end of the container is 
a weighing chamber with a trapped-opening leading to the connecting settling span. 
The settling span is 12 inches in height and contains a suspended mat of fabric of 
appropriate permeability. By making both end-chambers of the device identical, only 
inversion is required to prepare it for the next trial, The weighing chambers are 
linked to an analog recording unit. 
The Subject's Pre-Test State and EPO ratings are the same as for 111-1.11, as 
are essentially the Subject's Activity and its ratings. Trials per repetition are 6 (2 
agitation rates, 3 trials each). Total Time for the Experiment and its EPO ratings 
are the same as detailed for Experiment 111-1.11. The Number of Data Points is 18 
(2 agitation rates, 1 repetition a t  each of 9 rpm/g-level environments). Total experi- 
mental time penalty is 3.0 hours (each repetition requires: 10 minutes setup, 5 minutes 
test, and 5 minutes cleanup). Time per Data Point is 0.17 hours. The Measurement 
Environment and its EPO ratings a re  the same as for 111-1.31. 
Experiment Objective Attainment ratings are the same as for Experkment 111-1.11. 
Crew Time per Data Point is 0.17 hours. Weight per Experiment is 10 lbs. Volume 
per Experiment is 1.5 f t  . 3 
111-3.0 House keeping 
111-3. l1 Settling Rates as a Function of Particle Size and g-Level - The 
Objective is to determine the settling rates of dry airborne particulates as a function 
of particle size and g-level throughout a nominal range of artificial gravity. 
This study involves the same physical considerations as 111-1.31, which will not, 
therefore, be repeated here. The importance of determining these rates, so as to 
facilitate the proper design of subsequent vehicular air-conditioning systems, cannot 
be overemphasized. Not only do suspended particulates present the same nuisance 
and health hazards as in the groundbased environments, but the closed ecology and 
the volume constraints magnify the negative potentials of the dusts. Suspended 
particulates also are hazardous for precision equipment. 
A s  this experiment closely resembles 111-1.31, only those factors involving 
differences will be reported here. Testing is conducted on four different aggregates, 
each of different particle sizes e Trials per repetition are 12. Total experimental 
time penalty is 3 . 0  hours, (10 minutes setup, 6 minuhs test,, and 4 minutes cleanup) 
for each repetition. Number of Data Points is 36, giving a Time per Data Point of 
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0,08 hours 
9 Ibs 
Crew Time Per Data Point is 0,08 hours Weight per Experiment is 
Volume per Experiment is 1,5 ft3* 
111-3 2 1 - The Objective of this 
_I__ 
experiment is to determine the convenience and efficiency of performing housekeeping 
tasks throughout a nominal range of artificial-g environments e 
This experiment is almost completely analogous to 111-1.91, the study of food 
preparation task performance, in that it involves the evaluation of all habitability 
aspects of a major non-operational activity, A s  such, the problems to be investigated 
in relation to the artificial-g force field are the same and will not be reiterated here. 
The Experimental Source Reference is the AGC. The Measured phenomena are 
the convenience and efficiency of performing housekeeping tasks as measured by sub- 
jective, cinegraphic, and time and motion criteria. Common-use equipment include 
conventional items for housekeeping, interval timers and cinegraphic cameras. 
Major Instruments or  Apparatus (experiment-peculiar) include the Subject question- 
naires, 
The Subject's Pre-Test State and its EPO ratings are the same as for 11-1.11. 
The Test Subject's Activity consists of performing required housekeeping tasks, using 
as conventional equipment as is feasible, and responding to the questionnaires. EPO 
ratings for this factor are the same as for III-1,61. Each day's tasks are considered 
a single repetition. The Total Time of the experiment and its EPO ratings are the 
same as for 11-1 11 as this study involves ecological considerations requiring maximum 
exposure duration. Although Convenience and efficiency are logically overlapping 
qualities, for the purpose of this experimental analysis they are counted as separate 
criteria, with the various questionnaire entries and time and motion data collectively 
used to define their levels. The Number of Data Points is 270: 18  from Phases II/III 
(2 criteria, 1 day of housekeeping a t  each of the 9 rpm/g-level environments), and 252 
from Phase IV (2 criteria, 42 days of housekeeping, and the requirement for some 
housekeeping to be performed daily a t  each of the 3 radii). Based on an estimated total 
experimental time penalty of 25.5 hours (30 minutes spent, during each test Interval 
of 24.0 hourso to respond to questionnaires), Time per Data Point is 0.09 hours, 
(Time-lapse video cameras a re  essentially permanent setups (I ) The Measurement 
Environment and its EPO ratings are the same as for Experiment III-1,41, 
Experiment Objective Attainment ratings are the same as for Experiment 111-1.61. 
Crew T2me per Data Point is 0.. 09 hours e Equipment Weight and Volume per Experi- 
ment are not significant (NS) e 
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- The Objective is to 
determine the lavatory/shower spray settling rates throughout a nominal range of 
artificial gravity environments. 
This is subject to aerodynamic treatment since the water droplets are generally 
well-dispersed - especially in the shower - , are essentially spherical, and are of 
known density. The principal contingencies are: drop size, atmospheric density, 
gravity level, and air circulation currents. The .major difficulties in generating a 
valid test include: the difficulty in introducing a spray sample that duplicates the 
drop size distribution and population of the operational unit, and the difficulty in 
determining and integrating the terminal velocities of all of the individual droplets of 
the operational unit (e,g. , a t  1 g, the larger drops require approximately 30 f t ,  of 
fall to stabilize a t  terminal velocity). Because of these difficulties, and the random 
effect of body movement-generated air currents upon settling rates, the .most realis- 
tic approach to this study is to employ actual usage of lavatory and shower units in 
determining the rates. The major impact of personal cleanliness upon environmental 
habitability, and the need for hypogravitational confirmation of satisfactory gravity 
levels for use of conventional water-spray facilities, makes this determination a 
spacebased requirement. 
The Experimental Source Reference is the AGC. The Measured Phenomena a re  
the rates of water spray settling from lavatory faucets and shower heads as a functioz 
of each of the artificial-g environments in a nominal range. The rate is determined 
by measuring the weight of the collected water per unit time. Common-use equip- 
ment include a recorder of analog data, cinegraphic cameras and a voice log to 
record ancillary information. Major Instruments or  Apparatus (experiment-peculiar) 
include water collection and weighing devices, installed in bypasses that are integrated 
into the immediate drainage plumbing from the sink and the shower, and timer- 
actuated solenoid valves in the inlet systems of both devices to admit a prescribed 
amount of water per unit t h e .  Both devices are shrouded in non-wetting transparent 
plastic to prevent unwanted droplet diffusion a t  the lower gravity levels. 
The Subject's Pre-Test State and EPO ratings are the same as for 111-1.11. 
The Subject's Activity for each repetition consists of 3 sink trials and 3 shower 
trials. In the interests of expedition, the trials are conducted in continuity with the 
Subject's nominal usage of the sink and shower. For example: the Subject steps 
into the shower after having opened the drain bypass to the water weighing receptacle. 
He actuates a switch which opens the inlet valve and allows a prescribed amount and 
flow of warm water to spray from the shower head, the Subject meanwhile performing 
the normal body motions associated with showering. The settled and draining water 
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is weighed as a function of time, with 
bypass. EPO ratings are poor for EPO (9) because of limited volume and excel 
for all other EPOs. This trial activity is done 3 times in succession, followed by the 
Subject's use of the shower. Three trials are  performed using the sink in an analogous 
fashion. Trials per repetition are 6 (sink and shower, 3 trials each). Repetition time 
totals 1 .0  hour (30 minutes each for sink and shower: 10 minutes setup, 15 minutes 
test, and 5 minutes cleanup). Total Time for the experiment and its EPO ratings are 
the same as  detailed for Experiment III-1.11. The Number of Data Points is 18 (2 
modes, 9 rpm/g-level environments). Total experiment time penalty is 9 .0  hours, 
giving a Time per Data Point of 0.5 hours. The Measurement Environment and its 
EPO ratings are the same as for 111-2.11. 
e excess topping off into the outlet from the 
Experiment Objective Attainment and its EPO ratings are the same as for Ex- 
periment 111-1.41. Crew Time per Data Point is 0.5 hours. Weight per Experiment 
is 5 lbs. Volume per Experiment is 0.6 ft3. 
-1 11-4 2 Personal Hygiene Convenience and Efficiency - The Objective of this 
experiment is to determine the convenience and efficiency of performing conventional 
personal hygiene duties throughout a nominal range of artificial gravity environments. 
This experiment is completely analogous to 111-3.21, the study of housekeeping 
convenience and efficiency. As  such, the possible task sensitivities to an artificial-g 
environment are identical and will not be reiterated here. 
The Experimental Source Reference is the AGC. The Measured Phenomena are 
the convenience and efficiency of Performing personal hygiene tasks, as  measured by 
subjective, cinegraphic, and time and motion criteria. Common-use equipment in- 
clude conventional items for maintenance of personal hygiene, interval times, and 
cinegraphic cameras. Major Instruments o r  Apparatus (experiment-peculiar) include 
the Subject questionnaires. 
The Subject's Pre-Test State and its EPO ratings are  the same as for 11-1.1. 
The Test Subject's Activity consists of performing required personal hygiene tasks 
using such conventional equipment as is feasible, and evaluating convenience by re- 
sponding to the questionnaires. EPO ratings for this factor are the same as for  
111-3.21. Each day's tasks constitute one repetition. The Total Time of the ex- 
periment and its EPO ratings are the same as for 11-1.11 as  this study involves 
ecological considerations requiring maximum exposure duration. Although conven- 
ience and efficiency are logically overlapping qualities, for the purposes of this 
experimental analysis they are considered as separate criteria, with the various 
questionnaire entries and time and motion data collectively used to define their levels. 
The Number of Data Points is 102: 18 from Phases II/III (2 criteria, 1 repetition 
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a t  each of the 9 rpm/g-level environments), and 84 frum Phase IV (2 criteria, 1 
repetition for each of the 42 days spent in partial gravity), Based on an estimated 
total experimental time penalty of 25.5 hours (30 minutes per day responding to ques- 
tionnaires), Time per Data Point is 0.25 hours. The Measurement Environment and 
its EPO ratings are the same as for Experiment 111-1.41. 
Experiment Objective Attainment ratings are the same as for Experiment 
111-1.61. Crew Time per Data Point is 0.25  hours. Equipment Weight and Volume 
per Experiment are not significant (NS). 
111-5.0 Sleeping Facility 
-1 11-5 1 Overall Sleep Station Configuration - The Objective is to determine the 
preferred sleep station configuration as a function of each artificial-g environment 
within a nominal range. 
A s  in Experiment 111-1.61, involving assay of dining room configurations, this 
experiment requires not only that compartment utilizatioh be effective, but moreover 
that the configuration recreate, where practical, the amenities associated with habit- 
able groundbased sleeping quarters. The station should not only provide sleeping 
comfort but also the personal privacy conducive to lounging and isolated relaxation. 
In this respect -- for example, in the provision of appointments for reading, or  the 
enjoyment of audio and/or visual entertainment - this experiment overlaps the 
experiment concerned with off-duty activities (Experiment 111-6.11). The making of 
the beds must be facilitate&. 
The Experimental Source Reference is the AGC. The Measured Phenomena 
are the acceptabilities of the various sleep station configurations as determined by 
subjective, cinegraphic, and time and motion criteria. Common-use equipment in- 
clude cinegraphic cameras, Major Instruments o r  Apparatus (experiment-peculiar) 
are reconfigurable architectural components and Subject questionnaires . 
This experiment is to be conducted a t  the appropriate rpm/g-level environ- 
ments during AGC Phases 11, 111, and IV. The Subject's Pre-Test State and its EPO 
ratings a re  the same as for 11-1.11. The Test Subject's Activity consists of utilizing, 
maintaining, and reconfiguriag the sleep station, and responding to the questionnaires. 
EPO ratings for this factor are the same as for 111-4.11. Each day's utilization of the 
sleep station is considered a repetition. The Total Time of the experiment and its 
EPO ratings are the same as for 11-1.11. The Number of Data Points is 51: 9 during 
Phases II/III (9 rpm/g-levels) and 42 during Phase IV (42 days of partial gravity 
exposure). Assuming an experimental time penalty of 10 minutes per repetition, 
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the total experimental penalty is 8.5 hours, and the Time per Data Point is 
hours, The Measurement Environment and its EPO ratings are the same as for 
Experiment 111-1 41 e 
Experiment Objective Attainment ratings are the same as for 111-1. 41. Crew 
Time per Data Point is 0.167 hours. Equipment Weight and Volume per experiment 
are not significant (NS). 
111-5.21 Co-Location of Sleep Station - The Objective is to determine the pre- 
ferred location of the sleep station relative to other compartments and stations, as a 
function of the artificial-g environments within a nominal range. 
This experiment bears the same relationship to 111-5.11 as 111-1.71 does to 
III-1.61 in that i t  considers the location of the sleep station to other compartments 
and stations as  judged by subjective, cinegraphic, and time and .motion criteria. 
This involves contingencies not unlike those for a groundbased sleep station: for 
example, convenience to hygienic facilities and isolation from stimuli that might 
potentially inhibit relaxation and sleep. As  such, this experiment shares some re- 
dundancies with 111-5.31. The problem of co-location convenience is an ecological 
one, requiring prolonged exposure for resolution. 
The Experimental Source Reference is the AGC. The problem of eo-location 
convenience of the sleep station is determined by subjective, cinegraphic, and time 
and motion criteria. Common-use equipment include translocatable sleep station 
furnishings, and cinegraphic cameras. Major Instruments or  Apparatus (experiment- 
peculiar) are Subject questionnaires. 
The Subject's Pre-Test State and its EPO ratings are the same as for 11-1.11. 
The Test Subject's Activity consists of performing activities nominally associated 
with the station, assisting in translocating its furnishings if required, and responding 
to the questionnaires. EPO ratings for this factor are identical to 111-1.71. Each 
diurnal usage represents one experimental repetition. The Total Time of the ex- 
periment and its EPO ratings are the same as for 11-1.11. The Number of Data 
Points is 51:  9 from Phases II/III (9 rpm/g-level environments, 1 day in each en- 
vironment) and 42 from Phase IV (42 days of partial gravity). Assuming an experi- 
mental time penalty of 10 minutes per repetition, the total penalty is 8 . 5  hours, and 
the Time per Data Point is 0.167 hours. The Measurement Environment and its EPO 
ratings are the same as for Experiment 111-1.41. 
Experiment Objective Attajnment ratings are the same as for 111-1.71. Crew 
Time per Data Point is 0.167 hours. Equipment Weight and Volume per Experiment 
are not significant (NS). 
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111-5.31 - The Objective 
is to determine the acceptabilities of various rotationally-unrelated physical s ttmuli 
(temperature, noise, lighting, etc,)  in the sleep station throughout a nominal range 
of artificial-g environments e 
The significance of these various physical factors in the provision of an 
acceptable sleep station environment was discussed in the Experiment I - 1 . 2 ~ 1  text, 
is axiomatic, and will, therefore, not be reiterated here. 
The Experimental Source Reference is the AGC. The Measured Phenomena are 
the acceptabilities of various levels of the physical stimuli as a function of each 
artificial-g environment within a nominal range. Acceptability is to be determined 
entirely from Subjects ' responses to questionnaires . Common-use equipment include 
the sleep station facilities, with provision given for controlled variations of stimuli, 
including lighting, and the effective acoustical and thermal environments. Major 
Instruments o r  Apparatus (experiment-peculiar) are the Subject questionnaires. 
The Subject's Pre-Test State and its EPO ratings are the same as for 11-1.11. 
The Test Subject's Activity consists of performing conventional activities associated 
with the sleep station, assisting in altering the environmental inputs i f  required, and 
responding to the questionnaires. EPO ratings for this factor are the same as for 
111-1.41. Each diurnal usage is considered a repetition. The Total Time of the ex- 
periment and its EPO ratings are the same as for 11-1.11. The Number of Data 
Points is 153: 27 from Phases II/III (9 rpm/g-level environments, 1 day per environ- 
ment, and - for this exxmple - 3 physical stimuli), and 126 from Phase IV (42 days 
a t  partial gravity, 3 physical stimuli). Assuming a total experimental time penalty 
of 8 . 5  hours, the T?me per Data Point is 0.055 hours. The Measurement Environ- 
ment and its EPO ratings a r e  the same as for Experiment 111-1.41. 
Experiment Objective Attainment ratings are the same as for Experiment 
111-1.41. Crew Time per Data Point is 0.055 hours. Equipment Weight and Volume 
per Experiment are not significant (NS). 
111-5.41 Sleeping Provision Design and Orientation - The Objective is to de- 
termine (ne preferred design and orientation of the sleeping provision as a function 
of the various artificial-g environments within a nominal range. 
While i t  is accepted chat sleeping with the long body axis parallel with the 
rotational axis of the environment should be the orientation of choice during the 
habituation phase of rotational exposure, it must be determined if tangential orientation 
is well tolerated during this period so that the mission time required for habituation 
can be reduced by ensuring that cross-coupling of head rotations with environmental 
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rotation continues while the crewman is resting, For the e 
the provision must a ow a range of alteration that wi 
degree of support and restraint required for a particular gravity level. 
the effectiveness of low levels of artificial gravity in attenuating physiologic de- 
conditioning relative to the l g baseline is a direct function of the individual's verti- 
cality, the degree of verticality that can be comfortably tolerated in the sleeping 
posture a t  the lower gravity levels should be determined. 
iment, the desig'n o 
low the subject to choose the 
The Experimental Source Reference is the AGC, The Measured Phenomena 
are the acceptabilities of the various sleeping provision designs and orientations as 
determined from Subjectf s responses to questionnaires. Common-use equipment 
include the sleep station facilities, with reconfigurable sleeping provisions Major 
Instruments or Apparatus (experiment-peculiar) are the Subject questionnaires. 
The Subject's Pre-Test State and its EPO ratings are  the same as 11-1.11. 
The Test Subject's Activity consists of performing conventional activities associated 
with the sleep provision, assisting in its reconfiguration if  required, and responding 
to the questionnaires. EPO ratings for this factor are the same as for 111-1.41 
with the exception that EPO (g) is rated poor because only one subject orientation 
(tangential) is available. Each diurnal usage is considered a repetition. The Total 
Time of the experiment and its EPO ratings a r e  the same-as for 11-1.11. The Number 
of Data Points is 102: 18 from Phases II/III (9 rpm/g-level environments, 1 day per 
environment, 2 overall criteria - design and orientation) and 84 from Phase IV (42 
days at  partial gravity, 2 criteria). Assuming a total experimental time penalty of 
8 . 5  hours, the Time per Data Point is 0.083 hours. The Measurement Environment 
and its EPO ratings are the same as for Experiment 111-1.41. 
Experiment Objective Attainment ratings are the same as for Experiment 
111-1.41. Crew Time per Data Point is 0.083 hours. Equipment Weight and Volume 
per Experiment are not significant (NS) e 
111-5.51 Threshold-g for Sleeping Comfort - The Objective is to determine 
the threshold-g for sleeping comfort within a nominal range of artificial-g environ- 
ments. 
Like Experiments 111-1.51, and in contrast to the physical experiments con- 
sidered, this experiment considers aspects of habitability that resist  groundbased 
resolution by empirical and/or analytical means. This experiment is based on the 
premise that optimal habitability relative to sleeping can be achieved only in a mode 
at least qualitatively similar to that used on the ground. The results of this experi- 
.merit should indicate what is the minimum g-level required to achieve sleep that is 
subjectively comparable to that enjoyed on the ground. 
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The Experimental Source Reference is the AGC. The Measured Phenomenon 
is the level of sleeping co.mfort enjoyed a t  each of the artificial-g environments as 
evidenced by the responses of the Subjects to appropriate questionnaires e Common- 
use equipment include conventional bunks provided with optional restraints for en- 
vironmental situations where g-support is inadequate. NIajor Instruments o r  Apparatus 
(experiment-peculiar) are  the specific questionnaires to be filled out by the Subject, 
This experiment is to be conducted at the appropriate rpm/g-level environ- 
ments during Phases I1 and 111, The Subject's Pre-Test State and its EPO ratings 
are the same as for 11-1.11. The Test Subject's Activity consists of utilizing, main- 
taining, and reconfiguring the sleep provision as required, and grading the quality of 
sleep by responding to the provided questionnaires. EPO ratings for Test Subject's 
Activity are the sEme as for 111-1.41. Each diurnal usage is considered a repetition. 
Total time for the experiment and its EPO ratings are the same as detailed for 
111-1.11. The Number of Data Points is 9 (9 rpm/g-levels, 1 criterion). Assuming 
the only experimental time penalty to be a 10 minute questionnaire response for each 
repetition, the Time per Data Point is 0 .167  hours. The Measurement Environment 
and its EPO ratings are  the same as for Experiment 111-1.41. 
Experiment Objective Attainment ratings are the same as for 111-1.11. Crew 
Time per Data Point is 0 .167  hours. Equipment Weight and Volume per Experiment 
are not significant (NS). 
111-6.0 Off Duty Activities 
111-6.11 Overall Off-Duty Area Configuration, Equipment and Schedule - The 
Objective is to determine the preferred configuration, equipment and schedule for off- 
duty activity areas as a function of the various inertial environments within a nominal 
range of artificial-g. 
The considerations involved in this experiment are analogous to those that 
pertain to theother area configuration evaluation studies, e.g., 111-1.61 and 111-5.11 
concerning dining and sleeping areas. The greater number and variety of activities 
that must be considered in this experiment and, in some instances, the greater sub- 
jectivity of the evaluation criteria involved, make this a more complex study. Off- 
duty activities range from static to dynamic, from passive to active, from solitary to 
group. Included are reading, audio/visual media, games, contests, and physical 
exercises. A s  with the other configuration studies, which are ecological in nature, 
an extended-duration exposure is required. During Phases II/III, the same inclusive 
battery of activities is repeated at  each rpm/g-level environment, but in Phase IV, 
the Subjects .may emphasize those activities they prefer. 
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The Exper~mental Source ~ e f e r e n ~  is 
are the off-duty area configurations, eq 
sured by subjective, cinegraphic, and time and motion criteria. Common-use equip- 
ment include reconfigurable compartment structures and facilities, and cinegraphic 
cameras. Major Instruments o r  Apparatus (experiment-peculiar) are the subject 
questionnaires e 
This experiment is to be conducted a t  the appropriate -level environ- 
ments during AGC Phases 11, 111 and IV. The Subject's Pre- tate and its EPO 
ratings are the same as for 11-1.41. The Test Subject's Activity consists of engaging 
in the prescribed program of off-duty activities, altering the area configuration and 
time schedule as preferred, and in Phase IV demonstrating preferences for activity 
items. Associated with each activity is the requirement to respond to all appropriate 
questionnaire items. EPO ratings for this factor are the same as for 111-1.61. 
Each day's off-duty activities are considered a single repetition. The Total Time 
of the experiment and its EPO ratings are the same as for 11-1.11. The Number 
of Data Points is 153: 27 fr0.m Phases II/III (9 rpm/g-level environments, 3 consid- 
erations - area, facilities, and schedule) and 126 from Phase IV (42 days at partial 
gravity, 3 considerations). Assuming an experimental time penalty of 10 minutes 
per repetition, the total experimental time penalty is 8.5 hours, and the Time per 
Data Point is 0.055 hodrs. The Measurement Environment and its EPO ratings a re  
the same as  for Experimeht III-1.41. 
Experiment Objective Attainment ratings a r e  the same as for 111-1.61. Crew 
Time per Data Point is 0.055 hours. Equipment Weight and Volume per Expertment 
are not significant (NS). 
111-6.21 Co-Location of Off-Duty Area - The Objective is to determine the 
preferred location of the off-duty areas relative to other compartments and stations, 
as a function of the artificial-g environments within a nominal range. 
A s  with the co-location evaluations previously discussed (111-1.71 and III-5,21), 
this study is an ecological one, requiring prolonged exposure for f i r m  data. Involved 
are the interdependence or continuity of off-duty activities with those occurring in 
other areas and the consequent advantages of juxtaposition, or ,  on the other hand, the 
advantages of isolating off-duty activities from areas of conflicting activities o r  
environmental factors. The significance of the various co-location factors may shift 
as the inertial environment is altered, and it is important that this correlation be 
determined. 
The Experimental Source Reference is the AGC. The Measured Phenomenon 
is the co-location convenience of the off-duty areas relative to other compartments 
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and stations as determined by subjective, cinegraphic, and time and motion criteria. 
Common-use equipment include translocatable off-duty facilities and cinegraphic 
cameras e Major Instruments o r  Apparatus (experiment-peculiar) are Subject 
questionnaires 
The Subject's Pre-Test State and its EPO ratings are the same as for 11-1.11. 
The Test Subject's Activity consists of performing the prescribed off-duty activities, 
assisting in translocating equipment and facilities if required, and responding to the 
questionnaires. EPO ratings for this factor are the same as for III-1.71. Each 
day's off-duty activities are considered a single repetition. The Total Time of the 
experiment and its EPO ratings are the same as for 111-1.6. The Number of Data 
Points is 51: 9 from Phases II/III (9 rpm/g-level environments, a single integrated 
rating) and 42 from Phase IV (42 days a t  partial gravity, 1 daily rating). Assuming 
an experimental time penalty of 10 minutes per repetition, the Time per Data Point 
is 0.167 hours. The Measurement Environment and its EPO ratings are the same 
as for Experiment 111-1.41. 
Experiment Objective Attainment ratings are the same as for III-1.71. Crew 
Time per Data Point is 0.167 hours. Equipment Weight and Volume per Experiment 
are not significant (NS). 
111-6.31 Acceptability of Temperature, Noise, Lighting, etc. - The Objective 
is to determine the acceptabilities of various levels of rotationally-unrelated physical 
stimuli (temperature, noise, lighting, etc.) in the off-duty areas as a fmntion of the 
inertial environments within a nominal range of artificial gravity. 
The significance of such stimuli in providing an acceptable environment for 
recreation is axiomatic, with the same general considerations holding forth as were 
discussed in the introduction to Experiment 111-1.81 and 111-5.31. The Experimental 
Source Reference is the AGC. The Measured Phenomena are the acceptabilities of 
various levels of the physical stimuli as a function of each artificial-g environment 
within a nominal range. Acceptability is to be determined entirely from Subjects' 
responses to questionnaires . Common-use equipment include the off-duty facilities 
with provision given for controlling variations in the stimuli, including lighting and 
the effective acoustical and thermal environments. Major Instruments or  Apparatus 
(experiment-peculiar) are the Subject questionnaires . 
The Subject's Pre-Test State and its EPO ratings are the same as for 11-1.11. 
The Test Subject's Activity consists of performing the prescribed off-duty activities, 
assisting in altering the environmental s t imulus levels if  required, and responding to 
the questionnaires. EPO ratings for this factor are the same as for 111-6.11. 
Each day's set of off-duty activities is considered a single repetition. The Total 
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Time of the exper PO ratings are the same as for 11-1.11. The Num- 
ber of Data Points is 153: 21 from Phases II/III (9 rpm/g-leve environments, 1 day 
per environment, and - for this example - 3 stimulus modes), and 126 from 
Phase IV (42 days a t  partial gravity, 3 stimulus modes). Assuming a total experi- 
mental time penalty of 8.5 hours, the Time per Data Point is 0.055 hours e The 
Measurement Environment and its EPO ratings are the same as for Experiment 
111-1.41- 
1' Experiment Objective Attainment ratings are  the same as for 111-1.8 
Crew Time per Data Point is 0.055 hours. Equipment Weight and Volume per 
Experiment are not significant (NS). 
-1 11-6 4 Off-Duty Equipment Design and Orientation - The Objective is to 
determine the preferred design and orientation of off-duty equipment as a function of 
the various artificial-g environments within a nominal range. 
The same environmental contingencies are of concern in this experiment as 
were discussed in the introduction to III-1.41, with the overall evaluation made some- 
what more complex by the greater number and variety of activities involved in this 
experiment. 
The Experimental Source Reference is the AGC. The Measured Phenomena 
are the acceptabilities of the various designs and orientations of off-duty equipment 
as a function of each of the artificial-g environments within the nominal range. 
Acceptability is determined by using subjective and cinegraphic evaluations and 
time and motion criteria. Common-use equipment include the off-duty recreational 
equipment options and cinegraphic cameras. Major Instruments o r  Apparatus (ex- 
periment-peculiar) are the specific questionnaires to be filled in by the Subject. 
This experiment is to be conducted at  the appropriate rpm/g-level environ- 
ments during Phases I1 and 111. The Subject's Pre-Test State and its EPO ratings are 
the same as for 11-1.11. The Test Subject's Activity consists of utilizing, maintain- 
ing, and reconfiguring off-duty equipment and grading design and orientation subject- 
ively. Three orientations of personnel will be used: tangential with and against 
rotation, and axial. EPO ratings for Test Subject's Activity are the same as for 
111-6.11. Each day's set of off-duty activities is considered a repetition. Total 
Time for the Experiment and its EPO ratings are the same as detailed for 111-1.11 
The Number of Data Points is 72 (9 rpm/g-level environments, 2 criteria, and e.g., 
4 activity modes). For the example given, the total experimental time penalty is 12.0 
hours, for Time per Data Point of 0.167 hours. The Measurement Environment 
and its EPO ratings are the same as for Experiment 111-1.41. The Experiment 
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Objective attainment ratings are the same as for 111-1.6 
Point is 0.167 hours. Equipment Weight and Volume per Experiment are not 
significant (NS). 
Crew Time per Data 1' 
111-6. 51 - The Objective is to 
determine the threshold g-levels required to provide minimal comfort for off-duty 
activities, within a nominal range of artificial gravity environments 
The contingencies involved are  the same as those discussed in the introduc- 
1' tion to Experiment 111-1.4 
The Experimental Source Reference is the AGC. The Measured Phenomenon 
is the level of off-duty activity comfort as a function of each of the artificial-g 
environments within the nominal range. The comfort level is determined entirely 
on the basis of crew judgements as evidenced by the responses to appropriate 
ques tionaires . Common-use equipment include the off-duty equipment and facili- 
ties. Major Instruments or  Apparatus (experiment-peculiar) are the specific 
questionnaires to be filled in by the Subject. 
This experiment is to be conducted a t  the appropriate rpm/g-level environ- 
ments during Phases I1 and 111. The Subject's Pre-Test State and its EPO ratings 
are the same as for 11-1.1 
the prescribed off-duty activities and making subjective evaluations of th3 comfort 
of performing each activity by responding to the questionnaire provided. The same 
3 orientations of the Subject relative to the orthogonal axes of the EPO will be used 
as in Experiment 111-6.4 since they will be conducted simultaneously. EPO 
ratings for Test Subject's Activity a re  the same as for 111-6.1 Each day's set  
of off-duty activities is considered a repetition. Total Time for the experiment 
and its EPO ratings are the same as detailed for 111-1.1 The Number of Data 
Points is 36 (9 rpm/g-level environments, one criterion, and, for this example, 
4 activity modes). Assuming a total experimental time penalty 6f  6 . 0  hours, the 
Time per Data Point is 0.167 hours. The Measurement Environment and its EPO 
ratings are the same as for Experiment III-1.4 
The Test Subject's Activity consists of performing 
1- 
1' 
1' 
1' 
1' 
Experiment Objective Attainment ratings are the same as for 111-5.5 with 
1' the exception that EPO(g) is considered marginal bmause of its small volume, 
Crew T h e  per Data Point is 0.167 hours. Equipment Weight and Volume per 
Experiment are not significant (NS). 
111-7.0 Waste Management 
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- 111-7. ll Threshold-g For Settling of Urine and Feces - The Objective is to 
determine the threshold-g for the settling of urine and feces within a nominal 
range of artificial-g environments . 
The mechanics of waste settling are somewhat more complex than those in- 
volved in the settling of food solids (111-1.3) and lavatory/shower sprays (111-4.1). 
The predominant force required for collection of urine and feces in the absence of 
normogravity is the force required to detach the feces from the anal area and trans- 
fer it to the collection chamber. A force which will provide for fecal detachment 
should be adequate for fecal transfer. The detachment force may vary considerably 
and is dependent not only on fecal consistency but also on completeness of sphincter 
muscle contraction. Data on feeal detachment force requirements are essentially 
non-existent in the literature. 
The Experimental Source Reference is the AGC. The Measured Phenomenon 
is the rate of specimen settling through a calibrated vertical distance as measured 
by the dependent mass accumulation per unit time. Common-use equipment in- 
clude a restraint chair/work bench unit, a voice log, and cinegraphic cameras. 
Major Instruments or  Apparatus (experiment-peculiar) include the settling rate 
device used in 111-1.3 with an attached extruder to simulate excretion. The speci- 
mens of simulated urine and feces are limited qualitatively to one each - the worst 
of each as to adhesion, settling and collectibility. 
1' 
The Subject's Pre-Test State and EPO ratings are the same as for 111-1.1 
as are essentially the Subject's Activity and its ratings. Trials per repetition are 
6 (2 specimens, 3 trials each). Total Time for the experiment and its EPO ratings 
are the same as detailed for 111-1.1 The Number of Data Points is 18 (2 speci- 1" 
mens, 9 rpm/g-level environments). Total experimental time penalty is the same 
as for 111-4.1 , giving a Time per Data Point of 0.5 hours. The Measurement 
I" Environment and its EPO ratings are the same as for 111-3.1 
1 
1' 
Crew Time per Data Poi t is 0 5 hour. Weight per Experiment is 10 lbs . Volume 
per Experiment is 1.5 ft . 
Experiment Objective Attainments are the same as for Experiment 111-1.1 
$ 
111-7.2 Waste Collectors Design and Orientation - The Objective is to deter- 
mine the -7 pre erred design,and orientation of the waste collectors as a function of 
the various artificial-g environments within a nominal range. 
Although the same inertial contingencies pertain to this experiment as were 
the relatively static charac- discussed in the introduction to Experiment 111-1.4 
1' 
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teristics of the acts of defecation and urination render them and the r@qu~red col- 
lectors less sensitive to the artificial gravity effects. The xper imental Source 
Reference is the AGC. The Measured Phenomena are the acceptabilities of the 
various collector designs and orientations as determined from subjective, cine- 
graphic and time and motion criteria. Common-use equipment include the col- 
lector options, voice logs, and cinegraphic camera. Major Instruments or 
Apparatus (experiment-peculiar) are the Subject questionnaires. 
The Subject's Pre-Test State and its EPQ ratings are the same as for II-1.41. 
The Test Subject's Activity consists of using the prescribed collector options and 
orientations for urination and defecation and responding to the appropriate question- 
naires. EPO ratings for this factor are the same as for 111-1.6 
usage is considered a single repetition. The Total Time of the experiment and its 
EPO ratings are the same as for 11-1.1 1' 
from Phases II/III (9 rpm/g-level environments, 2 activities, 2 criteria - design 
and orientation) and 168 from Phase IV (42 days a t  partial gravity, 2 criteria, 2 
activities). Assuming a total experimental time penalty of 34 hours, the Time per 
Data Point is 0.167 hours. The Measurement Environment and its EPO ratings are 
the same as for Experiment 111-1.4 
Each day's 
The Number of Data Points is 204: 36 
1' 
1' 
Experiment Objective Attainment ratings are the same as for Experiment 
111-1.6 
Experiment are not significant (NS). 
Crew Time per Data Point is 0.167 hours. Weight and Volume per 
1' 
111-7.3, Threshold-g for U s e  of Conventional Waste Collectors - The Objec- 
tive is to det6rmine the threshold-g for using conventional waste collectors within 
a nominal range of artificial gravity environments. 
This experiment is based on the premise that optimal habitability relative to 
the voiding of wastes can only be achieved through the use of collectors very similar 
to those in conventional ground use. As such, the subjective assay of what is an 
acceptable g-level for their use can only be accomplished in a spacebased labora- 
tory. 
The Experimental Source Reference is the AGC. The Measured Phenomenon 
is the level of acceptability of using conventional waste collectors a t  each of the 
artificial-g environments within the nominal range. The acceptability index is 
based upon a composite of subjective, cinegraphic and time and motion evaluations. 
Common-use equipment include conventional waste collectors, and cinegraphic 
cameras. Major Instruments or Apparatus (experiment-peculiar) are the specific 
questionnaires to be filled in by the Subject. 
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This experiment is to be conducted a t  the appropriate rpm/g-level environ- 
ments during Phases I1 and 111, The SubjectPs Pre-Test State and its EPO ratings 
are the same as for III-7.21. The Test Subjectfs Activity consists of using the 
conventional waste collectors and making subjective evaluations of their accept- 
ability a t  each g-level. The same 3 orientations of Subject relative to the ortho- 
gonal axes of the EPO will be used as in Experiment 111-7.2 since they will be 
conducted simultaneously. EPO ratings for Test Subject's Activity a re  the same 
as for III-7.21. Each day's usage of the waste collectors is considered a single 
repetition. Total Time for the Experiment and its EPO ratings are the same as 
detailed for 111-1.1 The Number of Data Points is 18 (9 rpm/g-level environ- 
ments, 2 functions o r  activities). Assuming the only experimental time penalty 
is 3.0 hours, this gives a Time per Data Point of 0.167 hours. The Measurement 
Environment and its EPO ratings are the same as  for Experiment 111-1.4 
1' 
1' 
Experiment Objective Attainment ratings are the same as for 111-6.5 Crew 1' Time per Data Point is 0 .167  hours. Equipment Weight and Volume per Experi- 
ment are not significant (NS). 
111-7.4 Overall Waste Management Area Configuration - The Objective is 1 to determine the preferred architectural configuration of the waste .management 
area as a function of each inertial environment within a nominal range of artificial 
gravity. 
This experiment considers the various aspects of compartment configuration 
discussed in the introduction to Experiment 111-1.6 
ecological problem that can be resolved only on the basis of long-duration evalua- 
tion. 
Area configuration is an 
1' 
The Experimental & m ~ e  Reference is the AGC. The Measured Phenomena 
are the acceptabilities of the various area configurations as determined by sub- 
jective, cinegraphic, and time and motion criteria. Common-use equipment 
include reconfigurable architectural components, the waste management facilities 
and cinegraphic cameras. Major Instruments or Apparatus (experiment-peculiar) 
are the Subject questionnaires. 
This experiment is to be conducted a t  the appropriate rpm/g-level environ- 
.merits during AGC Phases 11, 111, IV. The Subject's Pre-Test State 
ratings a re  the same a s  for 111-1.4 The Test Subject's Activity consists of 
1' utilizing and maintaining the waste management facilities, reconf iguring archi- 
tectural components when required, and responding to the provided questionnaires. 
EPO ratings for this factor are the same as for 111-6.1 Each day's usage of the 1" 
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areas is considered a single experimental repetition. The Total Time of the 
The Number of experiment and its EPO ratings are the same as for 11-1, 
Data Points is 51: 9 from Phases II/III (9 rpm/g-level environments, I integrated 
daily assessment) and 42 from Phase IV (142 days a t  partial gravity, 1 integrated 
daily assessment). Assuming an experimental time penalty of 10 minutes per 
repetition, the Time per Data Point ig 0 . 1 6 7  hours. The Measurement Environ- 
ment and its EPO ratings are the same as for Experiment 111-1.4 
I.* 
1' 
1' Experiment Objective Attainment ratings are the same as for 111-7.2 
Crew Time per Data Point is 0 . 1 6 7  hours. Equipment Weight and Volume per 
Experiment are not significant (NS). 
111-7.5 Co-location of Waste Management Area - The Objective is to deter- 
mine the -!pre erred locatim of the waste management areas relative to the other 
compartments and stations, as a function of the artificial-g environments within 
a nominal range. 
This experiment bears the same relationship to 111-7.4 as 111-1.7 does to 
111-1.6 in that it considers the location of the waste management areas o other 
compartments and stations as judged by subjective, cinegraphic, and time and 
motion criteria. This involves contingencies not unlike those pertinent in co- 
locating ground-based waste management areas and, as such, this experiment 
shares some commonalities with 111-7.6 . The problem of co-location convenience 
i!1 
1 
is an ecological one, requiring prolonge a exposure for evaluation. 
The Experimental Source Reference is the AGC . The Measured Phenomenon 
is the co-location convenience of the waste management areas as determined by 
subjective, cinegraphic, and time and motion criteria. Common-use equipment 
include translocatable waste management facilities and cinegraphic cameras - 
Major Zns truments o r  Apparatus (experiment-peculiar) are the Subject question- 
naires. 
The Subject's Pre-Test State and its EPO ratings are the same as for 
111-1.7 
activities associated with the waste management area, assisting in translocating 
its facilities if required, and responding to the questionnaires. EPO ratings for 
this factor are the same as for III-1.7 . Each day's usage of the areas is con- 
sidered one experimental repetition. h e  Total Time of the exper?ment and its 
EPO ratings are the same as for 111-1.6 The number of Data Points is 51: 9 
from Phases II/III (9 rpm/g-level environments, 1 overall assess.ment per day) 
and 42 from Phase IV (42 days a t  partial gravity, 1 overall assessment per day). 
The Test Subject's Activity consists of performing the conventional b' 
1' 
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Assuming an experimental time penalty 10 minutes per repetition, the Time per 
Data Point i s  0,167 hours. The Measurement Environment and its EPO ratings 
1' are the same as for Experiment 111-1.4 
1' 
Experiment Objective Attainment ratings are the same as for 111-1.7 
Crew Time per Data Point is 0.167 hours. Equipment Weight and Volume per 
Expertment a re  not significant (NS). 
111-7.6, Acceptability of Temperature, Noise, Lighting, etc. - The 
Objective is to determine the acceptabilities of variow le 
unrelated physical stimuli (temperature, mise, lighting, 
management areas throughout a nominal 
of rotationally- 
) in the waste 
e of artificial-g environments. 
The significance of these various physical factors in the provision of an 
acceptable waste management area environment a re  not as apparent as in 
similar evaluations of, for example, sleep, recreational and work areas. 
However, a development of comprehensive habitability design criteria requires 
that all crew spaces be considered relative to these aspects. The Experimental 
Source Reference is the ACC. The Measured Phenomena are the acceptabilities 
of various levels of the physical stimuli as a function of each artificial-g 
environment within a nominal range. Acceptability is to be determined entirely 
from Subject's responses to questionnaires. Common-use equipment include 
the waste management facilities and equipment, with provision for controlling 
variations in the levels of the various stimuli, including lighting and the effective 
acoustical and thermal environments. Major Instruments o r  Apparatus (experi- 
ment-peculiar) are the Subject questionnaires 
The Subject's Pre-Test State and its EPOI ratings are the same as for 
111-1. 41. The Test Subject's Activity consists of performing conventional activities 
associated with the waste management areas, assisting in altering the environmental 
inputs if required, and resp to the questionnaires. EPO ratings for this factor 
are the same as for 111-1.8 Each Day's usage of the areas is considered a single 
repetition. The Total Time d the experiment and its EPO ratings are the same as 
for 11-1.6 
g-level environments, and - for this example - 3 stimulus modes) and 126 from 
Phase IV (42 days at partial gravity, 3 stimulus modes). Assuming a total 
experimental t h e  penalty of 8.5 hours, the Time per Data point is 0.055 hours. 
The Measurement Environment and its EPO ratings are the same as for Experi- 
ment 11-1.4 
1' 
The Number of Data Points Is 153: 27 from Phases II/III (9  rpm/ 
1 -. 
1' 
Experiment Objective Attainment ratings are the same as for Experiment 
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111-1.8 
Volume per Experiment are not significant (NS). 
Crew Time per Data Point is 0.055 hours. Equipment Weight and I' 
111-8.0 Stowage Concepts 
111-8.1 Ease of Stowage - The Objective is to determine the ease of 1 
stowage as a function of the various environments constituting a nominal range 
of artificial-g. 
This is a Type (I) experiment involving an overall evaluation of item stow- 
age as  affected by the various inertial environments. A s  such, the considerations 
are analogous to those required for previously discussed convenience and efficiency 
assays, e.g., Experiment 111-1.9 on Food Preparation and 111-3.2 on House- 1 
keeping. A s  in those experiments, the evaluation requires a long- uration trade- 
off of nuisance versus convenience. 
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The Experimental Source Reference is the AGC. The Measured Phenomena 
are the convenience and efficiency of stowage a s  determined by subjective, cine- 
graphic, and time and motion criteria. Common-use equipment include s towage 
facilities and cinegraphic cameras. Major Instruments or  Apparatus (experhent- 
peculiar) include the Subject questionnaires. 
The Subject's Pre-Test State and its EPO ratings are the same as for 
11-1. 41. The Test Subject's Activity consists of performing required stowage 
tasks, reconfiguring stowage aids when necessary, and responding to question- 
naires. EPO ratings for this factor are the same as for 111-3.2 Each day's 
group of stowage operations is considered a repetition. The Total Time of the 
experiment and its EPO ratings are the same as for 111-1.6 Each repetition 
provides a single Data Point, for a total of 51: 9 from Phases II/III and 42 from 
Phase IV. Based on an estimated total experimental time penalty of 8 . 5  hours, 
the Time per Data Point is 0.167 hours. The Measurement Environment and its 
EPO ratings are the same as for Experiment 111-1.4 
1' 
1' 
1' 
Experiment Objective Attainments for the various EPOs are the same as 
for Experiment 111-1.6 
Weight and Volume per Exper?ment a re  not significant (NS). 
Crew Time per Data Point is 0.167 hours. Equipment 
1' 
I 111-8.2 Frictional Requirements for Stowage as a Function of g-level - 
Objective is to determine the frictional requirements for maintaining stowed 
items static as a function of the various g-levels included in a nominal range of 
artificial gravity. 
1 
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In contrast to Experiment 111-1. I which is concerned with the threshold-g 1' 
required for stable object implacement over a range of imposed static and dynamic 
imbalances this experiment is designed to demonstrate the frictional requirements 
for nominal stowage stability as a function of each g-level within a nominal range of 
artificial-g. By determining the static friction forces required for immobility of 
known masses exposed to known static imbalances and comparing these with ground- 
based values, fricitional requirements for stowage stability can be predicted and 
designed into containers and supports. 
The Experimental Source Reference is the AGC. The Measured Phenomena 
are the static friction forces required toprevent sliding of known masses when the 
latter are exposed to lateral static loading a t  each of theg-levels within a nominal 
range of artificial gravity. The s tatic friction force is determined by incrementally 
tilting a calibrated inclined plane supporting the known mass until the static friction 
force is exceeded and the mass begins to slide. Common-use equipment include a 
recorder of analog data, and cinegraphic cameras and a voice log to record ancillary 
information. Major Instruments or  Apparatus (experiment-peculiar) include the test 
objects and frictional surfaces, and the inclined plane device. 
1' The Subject's Pre-Test StateandEPO ratings are the same as for 111-1.1 
The Subject's Activity for each repetition consists of determining the maximum 
static friction force for each of four test objects for each of four frictional 
coefficients a t  each g-level. 
The testing performed a t  each rpm/g-level is considered one repetition, 
giving an Interval of 24.0 hours. The Number of Data Points is 144: 9 rpm/g- 
level environments, 4 test objects, 4 frictional coefficients, 1 test criterion). The 
total experimental time penalty is 4.5 hours, for a Time per Data Point of 0.031 
hours. The Measurement Environment and its EPO ratings are the same as  for 
III-1.31. 
Experiment Objective Attainment ratings are the same as for Experiment 
Crew Time per Data Point is 0.031 hours. Weight per Experiment is 111-1.1 
10 lbs. V01urr.s per Experiment is 0 . 6  f t  ~ 1' 3 
111-9.0 Furniture and Accommodations 
111-9.1 Frictional Requirements for Stable Furniture Emplacement - The 
Objective is to determine the frictional requirements for maintaining furniture in 
stable emplacement as a function of the various inertial environments within a 
nominal range of artificial gravity. 
1 
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This experiment is analogous to 111-8.2 in that the static friction forces 
adequate to keep objects immobile under nom 
mined. Once the necessary static friction forces for maintaining furniture static 
under groundbased use have been determined and quantified, the requirements for 
comparable stability under reduced gravity circumstances are predicted and a 
physical experiment used to verify the validity of the prediction in the space 
environment. 
1 lateral loading must be deter- 
The Experimental Source Reference is the AGC. The Measured Phenomena 
are the static friction forces required to prevent sliding of known masses when the 
latter a r e  exposed to lateral static loading a t  each of the g-levels within a nominal 
range of artificial gravity. All  definition and analysis aspects of this experiment 
are identical to 111-8.2 and will not be reiterated here. 1 
111-9.2 Furniture Design and Orientation - The Objective is to determine 
the preferred design and orientation of the various furniture requirements as a 
function of the various artificial-g environments within a nominal range. 
The same inertial contingencies apply in this experiment as  were  discussed 
1' in the introduction to Experiment 111-1.4 
The Experimental Source Reference is the AGC. The Measured Phenomena 
are the acceptabilities of the various furniture designs and orientations as deter- 
mined from subjective, cinegraphic and time and motion criteria. Common-use 
equipment include the furniture options, voice logs, and cinegraphic cameras. 
Major Instruments or  Apparatus (experiment-peculiar) are the Subject question- 
naires. 
The Subject's Pre-Test State and its EPO ratings are the same as for 
11-1.1 
options and orientations and responding to the appropriate questionnaires. EPO 
ratings for this factor are the same as  for 111-6.4 
sidered a single expertmental repetition. The Total Time of the experiment and 
its EPO ratings are the same as for 11-1.1. The Number of Data Points is 204 
per furniture item: 36 from Phases II/III 6 rpm/g-level environments, 2 
candidate designs, 2 orientations) and 168 from Phase IV (42 days a t  partial 
gravity, 2 design options, 2 orientations). Assuming a total experimental t h e  
penalty of 34 hours, the Time per Data Point is 0.167 hours. The Measurement 
Environment and its E PO ratings are the same as for Experiment 111-1.4 
The Test Subject's Activity consists of using the prescribed furniture 
Each day's usage is con- 
1' 
1' 
1' 
Experiment Objective Attainment ratings a re  the same as for Experiment 
III-1.61. Crew Time per Data Point is 0 .167  hours. Weight and Volume per 
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Experiment a re  not significant (NS) II 
- The Objective is 
1 
I11-9,3 
to determine the threshold-g for using conventional furniture within a nominal 
range of artificial gravity environments. 
This experiment is based on the premise that optimal habitability relative 
to furniture usage can only be achieved through the use of items very similar to 
those in conventional ground use. As  such, the assay of what is an acceptable 
g-level for their use can only be accomplished in a spacebased laboratory. 
The Experimental Source Reference is the AGC. The Measured Phenomenon 
is the level of acceptability of using conventional furniture items at each of the 
artificial-g environments within the nominal range. The acceptability index is 
based upon a composite of subjective, cinegraphic and time and motion evaluations. 
Common-use equipment include conventional furniture items, and cinegraphic 
cameras. Major Instruments or  Apparatus (experiment-peculiar) are the specific 
questionnaires to be filled in by the Subject. 
This experiment is to be conducted at the appropriate rpm/g-level environ- 
ments during Phases I1 and 111. The Subject's Pre-Test State and its EPO ratings 
a re  the same as for 11-1.1 
conventional furnishings and making subjective evaluations of their acceptability 
a t  each g-level. 
The Test Subject's Activity consists of using the 1' 
EPO ratings for Test Subject's Activity are the same as  for 111-1.4 L' day's usage of the furnishings is considered a single repetition. Total Tune for 
the Experiment and its EPO ratings are the same as detailed for 111-1.1 1' 
Number of Data Points is 27: 9 rpm/g-levels, 3 orientations. Assuming the 
only experimental time penalty to be a lO-,minute questionnaire response per 
orientation, the total experimental time penalty is 4 . 5  hours. This gives a Time 
per Data Point of 0 . 1 6 7  hours. The Measurement Environment and its EPO 
ratings are the same as for Experiment 111-1.4 
Each 
The 
1' 
1' Experiment Objective Attainment ratings are the same as for 111-1.1 
Crew Time per Data Point is 0. -67 hours. Equipment Weight and Volume per 
Experiment are not significant (NS). 
111-9.4 Acceptabi1it.y of Furniture Collective Arrangements - The Objective 1 is to determine the preferred collective furniture arrangements as a function of 
each inertial environment within a nominal range of artificial gravity. 
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This experiment represents an ecological problem that can only be resolved 
on the basis of long-duration evaluation. It considers furniture not as an inde- 
pendent item, but rather in its functional interdependence with other furnishings a 
The Experimental Source Reference is the AGC. The Measured Phenomena 
are the acceptabilities of various collective furniture arrangements as determined 
by subjective, cinegraphic, and time and motion criteria. Common-use equip- 
ment include the furnishings, and cinegraphic cameras. Major Instruments or 
Apparatus (experiment-peculiar) are the Subject questionnaires e 
This experiment is to be conducted at  the appropriate rpm/g-level environ- 
ments during AGC Phases 11, 111, and IV. The Subject's Pre-Test State and its 
EPO ratings are the same as for 111-1.4 The Test Subject's Activity consists 
1' 
of using and rearranging furniture groups and responding to the provided question- 
naires. EPO ratings for this factor are  the same as for 111-6.2 
usage of the furnishings is considered a single experimental repetition. The 
Total Time of the experiment and its EPO ratings are the same as for 11-1.6 
The Number of Data Points is 51: 9 from Phases II/III (9 rpm/g-level environ- 
ments, 1 integrated assessment per day) and 42 from Phase IV (42 days at  
partial gravity, 1 integrated assessment per day). Assuming an experimental 
time penalty of 10 minutes per repetition, the Time per Data Point is 0 . 1 6 7  hours. 
The Meesurement Environment and its EPO ratings are the same as for Experi- 
ment 111.1.4 
Each day's 
1' 
1' 
1' 
Experiment Objective Attainment ratings are the 
Crew Time per Data Point is 0 . 1 6 7  hours. Equipment 
Experiment are not significant (NS). 
1' same as for 111.1.7 
Weight and Volume per 
111-10.0 Environmental Control System 
111-10.1 Threshold-g for Conventional Gas/Liquid Separation - The 1 
Objective is to determine the effectiveness of conventional gas/liquid separation 
as a function of each g-level throughout a nominal range of artificial gravity. 
The conventional separation method proposed i s  a gravity-dependent trap into 
which liquid settles from the carrier gas stream (or impinges on a container 
surface due to the velocity of the stream) and is retained in the reservoir, with 
the gas stream continuing on. Cohesive forces tend to keep agglomerated 'masses 
of water together and adhesive forces tend to keep these masses attached to the 
surfaces they contact. In a reservoir, the adhesive forces per unit of mass are 
likely to be extremely small, requiring a gravitational force to stabilize the 
liquid in the face of disturbing forces such as stream flow, vibration or impact. 
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The use of conventional methods of gashiquid separation in space requires that the 
minimum g-level that will support such separation be determined. 
The Experimental Source Reference is the AGC. The Measured Phenomenon 
is the effectiveness of gashiquid separation by conventional methodology as a 
function of the environmental g-level. A liquid spray of known characteristics is 
injected into a ducted airstream, measurement of the downstream liquid separator' s 
efficiency being correlated with g-level. A conventional water trap is compared 
with a porous-plate type, the latter being less g-sensitive. 
orientation should be parallel to the axis of rotation but the radius of rotation is not 
critical if trap depth is limited. Common-use equipment include a recorder of 
analog data, and a voice log to record ancillary information. Major Instruments 
o r  Apparatus (experiment-peculiar) include the test separation sys tem. 
The stream flow 
1' 
as a r e  essentially the Subject's Activity and its ratings. Trials per repetition are 
18 (3 stream velocities , 2 separator options, 3 trials for each determination). 
Total Time for the experiment and its EPO ratings a re  the same as detailed for 
111-1.1 . The Number of Data Points is 54 (3  stream velocities, 2 separators, 
9 rpm/lg-level environments). Total Experimental time penalty is 13.6 hours 
(1.5 hours per rpm/g-level repetition, 9 rpm/g-level environments), giving a 
Time per Data Point of 0.25 hours. The Measurement Environment and its EPO 
ratings are  the same as for 111-1.3 
The Subject's Pre-Test State and EPO ratings a re  the same as for III-1.1 
1' 
1' 
Experiment Objective Attainments are the same as for Experiment 111-1.1 
Crew Time per Data Point is 0.2 hours. Weight per Experiment is 12 lbs. 
Volume per Experiment is 0.5 ft . d 
111-10.2 Threshold-g for U s e  of Conventional Liquid Pumping - The 1 
Objective is to determine the effectiveness of conventional liquid pumping as a 
function of each g-level throughout a nominal range of artificial gravity. 
In a closed and filled water circulating system, a water pump should be in- 
sensitive to g-level. The pump acts only against friction head and should have 
less opportunity to cavitate because the total system is filled with water. In 
emptying a reservoir, however, the pump inlet is trying to create a cavity in the 
vicinity of the reservoir outlet. Water normally flows gravitationally from the 
surrounding region to fill the cavity. At a given rate of water  removal and a 
given g-level, as the head of water above the outlet decreases, a point will 
finally be reached where the cavity-filling rate is less than the removal rate and 
the pump will begin to vaporize the fluid even though the general level of the water 
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may be appreciably above the outlet face. As  the g-level is reduced the differential 
head a t  which this phenomenon occurs will become progressively greater until a t  
zero-g the cavity filling becomes dependent on the random liquid and gas pressure 
and convection forces. 
The spacebased experiment will consist of a pump drawing from and discharg- 
ing into the same reservoir so  that the quantity of water in the reservoir remains 
constant. At a given circulation rate and g-level the pump inlet tube is slowly 
raised until the first gas bubbles appear on the suction side, a t  which point the 
liquid head at  inlet is noted. This procedure is repeated a t  different flow rates, 
and inlet configurations , and g-levels. System orientation and centrifuge radius 
should not be critical for radii 2 4 ft. 
The Experimental Source Reference is the AGC. The Measured Phenomenon 
is the effectiveness of pumpingas a functionof the environmental g-level. Common- 
use equipment include a recorder of analog data, and a voice log to record ancillary 
information. Major Instruments o r  Apparatus (experiment-peculiar) include the 
test pumping sys tem. 
1' The Subject's Pre-Test State and EPO ratings are the same as for 111-1.1 
as are  essentially the Subject's Activity and its ratings. Trials per repetition are 
18 (2 inlet configurations, 3 flow rates, 3 trials for each determination). Total 
Time for the experiment and its EPO ratings are the same as detailed for 111-1.1 
The Number of Data Points is 5 4  (3 flow rates, 2 inlet configurations, 9 rpm/g- 
level environments). Total Experimental time penalty is 1 3 . 5  hours per rpm/g- 
level repetition, 9 rpm/g-level environments), giveing a Time per Data Point of 
0 . 2 5  hours. The Measurement Environment and its EPO ratings are the same as 
for 111-1.3 
1' 
1' 
Experiment Objective Attainment ratings are the same as for Experiment . 
111-1. ll. Crew Time per Data Point i 0 . 2 5  hours. Weight per Experiment is 9 
lbs Volume per Experiment is 0.5 ft . si 
111-10.3 Threshold-g for U s e  of Convectional Heat Transfer - The Objective 
is to determine the effectiveness of convectional heat transfer as a function of each 
g-level throughout a nominal range of artificial gravity. 
1 
Convectional heat transfer, all other factors held constant, is a direct 
function of gravity. By enclosing fluids in a double-walled chamber providing 
a constant rate of peripheral heat transfer and containing a thermal conductivity 
detector, the relative effectiveness of convectional heat transfer can be determined 
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as a function of g-level, At least two fluids - a liquid and a gas - should be 
tested using this system. 
The Experimental Source Reference is the AGC. The Measured Pheno,menon 
is the effectiveness of convectional heat transfer as a function of the environmental 
g-level. Common-use equipment include a recorder of analog data, and a voice log 
for recording ancillary information. Major Instruments or  Apparatus (experiment- 
peculiar include the test heat-transfer system. 
1' The Subject's Pre-Test State and EPO ratings are the same as for 111-1.1 
as are essentially the Subject's Activity and its ratings. Trials per repetition are 
6 (2 fluids, 3 trials per determination). Total Time for the experiment and its 
EPO ratings are the same as detailed for 111-1.1 The Number of Data Points is 
18 (2 fluids, repetition to each of 9 rpm/g-level environments). Total Experi- 
mental time penalty is 6 . 7 5  hours for a Time per Data Point of 0 . 3 8  hours. The 
Measurement Environment and its EPO ratings are the same as for 111-1.3 
1' 
1' 
Experiment Objective Attainment ratings are the same as for Experiment 
111-1. ll. Crew Time per Data Point is 0 38 hours. Weight per Experiment is 
10 lbs . Volume per Experiment is 0 . 7  ft . 3 
111-10.4 Comfort of Atmosphere - The Objective is to determine the comfort 1 -  
of the crew space atmospheres as a function of the inertial environments making up 
a nominal range of artificial gravity. 
This experiment evaluates the atmospheric considerations involved in crew 
comfort: temperature , humidity, composition and ventilation. A s  such, it shares 
commonalities with Experiments 111-1.8, 111-5.3, 111-6 3 ,  and 111-7.6. 
The Experimental Source Reference is the AGC. The Measured Phenomena 
are the acceptabilities of atmospheres of various characteristics as a function of 
inertial environments and as determined by subjective responses to questionnaires e 
Common-use equipment include a representative crew area with provision for 
controlling variations in the levels of the various atmospheric characteristics. 
Major InstrumentP or  Apparatus (experiment-peculiar) are the Subject question- 
naires. 
The Subject's Pre-Test State and its EPO ratings are the same as for 11-1.1 . 
with the selected area, assisting in altering the environmental inputs as required, 
and responding to the questionnaires. EPO ratings for this factor are the same 
The Test Subject's Activity consists of performing prescribed activities associate Cl 
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Each day's usage of the area is considered a single experimental 
e Total Time of the experiment and its EPO ratings are the same as 
The Number of Data Points is 51: 9 from Phases II/III (9 rpm/g- for 111-1.6 
level environments 1 integrated assessment per repetition) and 42 from Phase IV 
(42 days a t  partial gravity, 1 assessment per repetition). Assuming a total 
experimental time penalty of 10 minutes per repetition, the Time per Data Point is 
0 .167  hours. The Measurement Environment and its EPO ratings are the same 
as for Experiment 111-1.4 
1' 
1' 
Experiment Objective Attainment ratings are  the same as for Experiment 
111-1. 61, Crew Time per Data Point is 0.167 hours. Equipment Weight and 
Volume per Experiment are not significant (NS). 
111-11.0 Displays and Controls 
111-11.1 Orientation of Display/Control Stations - The Objective is to de- 
termine the preferred orientation of display/control stations as a function of the 
various inertial environments within a nominal range of artificial-g. 
l 
The Experimental Source Reference is the AGC. The Measured Phenomena 
are the acceptabilities of various display/control station orientations as determined 
by subjective and performance criteria. 
Major Lns truments o r  Apparatus (experiment-peculiar) include the Subject 
questionnaires and the RATER previously described in Experiment 1-2.1. The 
Subject's Pre-Test State and its EPO ratings are the same as for 11-1.1 The 1' 
Test Subject's Activity consists of performing the RATER task in all  3 orientations 
(2 tangential, 1 axial) a t  each of the rpm/g-level environments and making sub- 
jective evaluation of the acceptabilities of the orientations by responding to the 
questionnaire. EPO ratings for this factor are the same as for III-1.1 Each 
day's testing at 1 rpm/g-level environment is considered a single repetition. The 
1' Total Time of the experiment and its EPO ratings a re  the same as for 111-1 e 1 
Each repetition requires 40 minutes (15 minutes setup, 15 minutes test, 10 minutes 
cleanup). Testing consists of 3 sets of 10 trials each, 1 set  in each of the 3 
orientations. Each trial lasts 15 seconds, with a 5 second rest  period between 
trials. Number of Data Points is 54 (9 rpm/g-level environments, 2 rating 
criteria - performance and subjective impression - 3 orientations). With a 
total experimental time penalty of 6 hours, Time per Data Point is 0.11 hours. 
The Measurement Environment and its EPO ratings are the same as  for Experi- 
ment 111-1.4 
I.* 
1' 
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Experiment Objective Attainment ratings are the same as for Experiment 
111-1.4 with the exception that EPO(g) is rated as fair since the testing can be done 
at  2 radii and the experiment area is adequate for the activity involved. Crew Time 
per Data Poin is 0 a 22 hours e Equipment Weight is 4 lbs . Volume per Experi- 
ment is 0.6 ft . s 
111-11.2 Threshold-g for Comfort Required for Display/Control Efficiency- 1. The Objective is to determine display/control comfort and efficiency as a function 
of the g-levels within a nominal range of artificial gravity. 
The Experimental Source Reference is the AGC. The Measured Phenomena 
are the comfort and efficiency of display/control operation as a function of a g- 
level as determined by task performance and subjective impression. Major 
Instruments o r  Apparatus (experiment-peculiar) include the Subject questionnaires 
and the RATER previously described in Experiment 1-2.1. The Subject's Pre-Test 
State and its EPO ratings a re  the same as for 11-1.1 . The Test Subject's Activity 
subjective evaluations of the relative comfort and efficiency of each orientation as 
a function of g-level. The Total Time, repetition Interval, Number of Data Points 
and Time per Data Point for this experiment are identical to those for Experiment 
1 consists of performing the RATER task as describe h in 111-11.1 and making 
111-1. 41. 
Experiment Objective Attainment ratings are the same as  for Experiment 
111-1. ll. Crew Time per Data Point is 0.22  hours. Equipment Weight and Volume 
a re  the same as 111-1.1 1' 
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A compilation of information and data pertienent to each Experiment Performance 
tion is presented in this section. This information has been organized in a two part 
matrix format, which was developed to satisfy three data-presentation objectives %, 
These were: 
1. 
2. 
3. 
Rapid Evaluation - the presentation system must provide for rapid 
visual comparison o r  rating of Experiment Performance Option 
capability. 
Detail Evaluation - the presentation system must contain sufficient 
detail information to describe adequately the experiments and 
experiment characteristics upon which the ratings are based. 
Support Information - the presentation system must provide sufficient 
supplementary information to completely describe the characteristics 
of the Experiment Performance Options involved. 
Rapid Evaluation 
A comprehensive comparison of the manner in which each of the defined EPOs 
satisfies the requirements of the individual experiments involves thousands of pieces 
of information and decisions. Attempts to display this mass of information using 
numerical coding o r  alphabetic symbols rapidly deteriorate into a homogeneous contin- 
uum in which individual statements and decisions loose their comparative significance. 
Accordingly, a system of tonally annotated symbols was adopted to indicate the extent 
to which each EPO satisfied a particular aspect o r  requirement of an experiment. 
This system of symbols - which is used extensively in Part I of the Information Matrix - 
is shown below: 
................. ............... ........................ ............... ..................... ............... ............... ............... ............................. ............... ............... ............... ............... ............... .............. ............... ............................ ............... ............... ............... ............... ............... ............... ............... .............. .............. .............. .............. 
............... 
.............. 
.............. .............. .............. .............. .............. .............. .............. ............... ............... 
............... .............. 1 ~ ............... ...........  . .............. .
........................ ...... ............... 
Excellent Good Fair Poor Marginal Unacceptable 
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te is used to designate 'qexcellent'', proceeding through shades of gray - in- 
ceptability 
erever 
possible, the terns excellent, good, fair, etc. - as they are applied in rating some 
factor of a particular experiment - are  given a precise definition. Such information 
is listed in the Experiment Definition and Analysis section of the report. In other 
cases, particularly in the "Experiment Objective Attainment*' ratings, the definition 
of these terms is much more arbitrary and must be interpreted in this light. fn fact, 
most of the ratings can be adjusted a shade in one direction o r  the other without destroy- 
ing the usefulness of the evaluation o r  its intent. Care has been taken, however, to 
maintain consistant ratings in similar situations so that the relative capability and the 
degree of success to be expected in attaining the experiment objective is clearly shown. 
In a number of cases it will be noted that the Experiment Objective Attainment rating 
of an EPO is shown as less desirable than would be expected by a survey of the other 
factors which are individually rated, i.e.,  the ability to provide the correct environ- 
ment, the period of time involved, the initial condition of the Test Subject, etc. In 
these cases, the evaluator is usually suggesting that some deficiency exists in the 
experiment model rather than the EPO being considered. 
radual decrease in capability - to black, which designates 
with respect to the particular subject under consideration. 
Unless otherwise designated, the following definitions were employed: 
Excellent: 
Good: 
Fair: 
Poor: 
Marginal: 
clearly provides the full range of conditions specified o r  lends 
itself to accomplishing the full objective of the experiment. 
The EPO provides most of the experiment requirements (perhaps 90% o r  
more) o r  affords a high probability to the successful attainment of the 
experiment objective . 
The EPO provides the essential environment for performance of the 
experiment but is not an exact f i t  to the defined requirements. E;xperi- 
ment Objective Attainment is compromized in either the quality o r  
quantity of information produced, however, a considerable portion 
(better than 50%) of the objective will be accomplished. 
cannot provide the full range of environment required by the 
experiment model 
of the results. Experiment Objective Attainment is reduced in quality 
and quantity (less than 50%). 
The EPO has serious limitations in providing the requirements for  per- 
formance of the experiments. Only a small portion (perhaps 10%) of the 
Experiment Objectives will be realized, however, some valid and useful 
inform ation will result a 
introduces artifacts which may reduce the validity 
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Unacceptable: The has serious limitations in provid the required expe 
conditions o r  is completely inapplicable. 
ment objectives can be realized o r  the validity o r  quality of infoma- 
tion produced is open to serious challenge. 
er  none of the e 
Detail Evaluation 
In order to provide greater depth to the evaluation of the EPOs and their experi- 
mentation capability, some of the more significant details relating to each experiment 
and EPO have been incorporated in the data matrices. These include weights and 
volumes of experiment peculiar equipment (Part I) and performance characteristics 
of each EPO (Part a). For  complete background regarding each EPO and Experiment, 
however, the reader is referred to that section of the report from which the informa- 
tion was derived. 
Support Information 
A third level of information is provided (Part I) for the purpose of clarifying the 
experiment, rather than providing a basis for direct comparison. This information 
includes items such as Test Subject Activity and Major Instruments o r  Apparatus in- 
volved in a particular experiment. 
Inform ation Matrices 
The information matrices are presented in parts as follows: 
Part I - Experiment Performance Assessment - This matrix is a compilation of 
the information contained in the Experiment Definition and Analysis section of the 
report. 
The experiment group represented in these charts consists of the experiments 
recommended by the Artificial Gravity Committee together with certain other experi- 
ments which previous studies have disclosed as being Centrifuge Applicable. These 
experiments have been subcategorized and assigned an alphanumerical designation 
which is used here and in the Experiment Definition section as a common identifier. 
Three major categories of experimentation are represented: 
c a t q o r y  I - Medical/Physiological 
CategoryII - Performance 
Category III - Habitability 
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ubcategories of experimentation under each of these main topics were also 
assigned. 
periment are further designed by a lower case letter (a, b, c, etc.). For  example, 
1-1. la  identifies the experiment as an Oculogyral Illusion measurement, subcategory 
tolerance to Angular Velocity - Vestibular and Related Phenomena, and as belonging 
in the Medical/Physiological category of experimentation. 
Individual experiments in each subcategory containing more than one ex- 
The redesign of certain experiments of the basic group - as was done in Volume 
II for EPOs (a), (b), and (c) - was not found to be necessary for  the Shuttle Compatible 
EPOs. This is due to the fact that the Orbiter roll-mode operation is available to the 
shorter radius EPOs as well as those specifically designed to utilize this mode of 
operation - EPOs (k), (6, and ( 1 ) . This provides an additional radial work station 
in the range of 54 to 67 feet for  EPOs (g), (h), and (i), which satisfies the desired 
upper range for "Performance" category experiments, and greatly improves their 
application to the Habitability experiments. 
Part II - Summary Matrix - The Summary Matrix, identified as Table 32, com- 
pares the main characteristics of the EPOs which effect their suitability in performing 
the artificial-g/zero-g experiments. In most instances, the entries are self-explana- 
tory. In others, such as experiment capability assessments, a great many considera- 
tions a re  compressed into a single comment, which may be misinterpreted without 
some further qualification. 
First of all, EPO (f) is not a general purpose facility and should not be compared 
factor by factor with the other EPOs. Here, single-subject occupancy, low volume, 
and short operating time are advantages. 
Weight estimates provided include the artificial-g modules, the RSM, crew, food, 
and expendables for  the duration of the mission and contingency factors. Spinup pro- 
pellant is not included and must be considered separately in relation to payload margin. 
Where it is appropriate, the propellant required to spinup to a one-g, level and return 
is provided. The maximum inertial condition is used in this case. Where rate and g- 
level are given, it is based on the minimum radius which the configuration can achieve. 
In all cases except EPOs (f) and (g), g-levels have been held to "one" in establishing 
the permissible limit. 
The safety and reliability category is particularly sensitive to misinterpretation. 
Here, none of the EPOs should be considered as "unsafe" o r  "unreliable" and are 
specified as being equal in this respect. The evaluations pertain to comparative prob- 
lems forseen in achieving this goal. This difficulty is reflected in the lowe r ratings 
which have been assigned to (1) and (m) on the basis of isolation of the experimentors 
from the Orbiter, the difficult abort situation and the complexity of mechanizing an 
independent spacecraft. EPOs (h), (i), and (k) have been downgraded on the basis of 
complexity alone. 
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eriment capability assessment area, ratings have been indicated by 
the following code: -Excellent; G-Good; F-Fair; arginal; and U-Unac- 
ceptable. In assigning these ratings, the intent is to reflect a balanced opinion as to 
the advantage o r  disadvantage of each concept in supporting a wide range of experi- 
mental research. Fo r  EPO (g), experiment Categories I and 11 are 'rated as Fair 
because of the limited space and, in some cases, inappropriate g / o  combinations 
which must be used. In providing f o r  high-g, mixed-g, and tranistion from rotation 
to zero-g, it is superior to many of the other combinations. Habitability on the other 
hand, is only poorly covered because of the limited space, and the subjective nature 
of the evaluations. Technology areas in the form of bearing design and counterbalance 
experience can be evaluated with this EPO and rate a Fair in this case. 
EPOs (h) and (i) a re  identical in experiment general capability (Subject sample 
size and convenience are not being considered here). They provide the full range of 
g, o , and radius most desirable in the Medical/Physiological and Performance 
categories and are rated Excellent in this respect. Habitability is downgraded due to 
the shorter radius. With respect to technology, the concept is idle as a testbed for  
mixed artificial-g/zero-g Space Base implementation and is rated Excellent here. 
EPOs (k) and (k') are downgraded slightly in Category I on the basis of angular 
rate and transition capability, and in Category II on the basis of transition alone. 
Habitability assessments with EPO (k) should be Excellent even if full transition to 
zero-g cannot be accomplished without despin. Both (k) and (k') offer no opportunity 
tion. 
' to evaluate subsystems o r  technology applicable to operational artificial-g implementa- 
EPO (1) is rated Good in Category I as it only lacks some capability for higher 
. Both EPO (1) and (m), however, have problems with transition, radial transla- 
tion, and mixed-g environment provision and are  rated Fair in this case. 
An estimate of growth potential o r  future application of the concepts is also pro- 
vided in the summary. First, in considering the use of the EPO in direct support of 
advanced research on a future Space Station, only (f), (g), and (i) apply directly, 
although (m) might be based at a Station between f ree-flights, EPOs (k) , (k' ) , and (1) 
appear to be dead-ended in this respect. The second consideration, that of biocentri- 
fuge application ap2ears to favor EPOs (h) and (i). 
Additionally, growth possibilities must also consider operational application of 
these concepts, although such application is completely result-dependent with respect 
to the proposed experimentation. F o r  an operational element of a Space Base, how- 
ever, some positive distinctions may be made. EPOs (k) , (k' ), (1), and (m) are 
operatinally incompatable with Space-Base concepts for  artificial-g while EPOs (h) 
and (i) are strong possibilities if long-radius, fairly high-g environments are demanded, 
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and seal, bearing and other problems are not excessive. The internal, short- 8 ,  
rotating crew compartment is also a possibility if very low-g requirements prove to 
be adequate and desirable. 
For interplanetary operational application of these concepts, the picture is highly 
speculative and completely dependent on future experimental evaluation. A t  this time 
all of the concepts could possibly have some operational application. Sufficient to say, 
if relatively high levels of artificial-g are shown to be required for  manned inter- 
planetary flight, then total vehicle rotation will be the favored concept. If low-g levels 
prove to be adequate, then the internal rotating compartment will receive favor; and 
if zero-g is completely practical fo r  normal operations, then only a small, short radius, 
internal centrifuge need be considered. 
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STRUCTURAL ANALYSIS 
An attempt to determine if the diameter of the bearing has any effect on the overall 
sensitivity of the balance system is presented in this Appendix. 
ASSUMPTIONS 
1. The basic disturbing force is produced by a 1.0 pound mass placed at any 
location on the centrifuge. 
For  the first attempt, this is a one-plane system. 
No damping will be assumed. 
All  deflections in the structure are  within the elastic range of the material. 
The RSM adapter is infinitely stiff. 
Assume the system oscillates about the center of percussion. 
2. 
3. 
4. 
5. 
6. 
CENTER OF PERCUSSION 
V 
VOL m A 1  
C = Calculated center of percussion 
S = Sensor 
h = Spring rate of ring in horizontal direction 
= 
= 
Spring rate of ring in vertical direction 
Flexural spring rate of tunnel 
v1 
v2 
Displacements will be calculated placing 1 pound at horizontal and vertical extremes 
at 1. Og centrification. 
Spring rate will be calculated from AR and R. 
Radius of gyration assuming a thick wall tube is: 
ID2 + (D + 2t) 2 y  
h=  4 
- 1100 + (10.34) 
4 
Transferring axes: 
112 
k' = ( k2 +d2.) 
1/2 
= (3.G2 + 52) 
D = 10 ft. 
4 2t = - 12 = .34ft. 
= 6.15 ft, 
A2 
Center of percussion is: 
4 = distance from pivot to c.g. 
2 
6.15 
5 
= 7.55 ft. - 
Assuming a 1.0 pound disturbing force a t  maximum position horizor,tally and 
vertically and, 
Taking moments about the center of percussion : 
R atbearingring = l x 2 . 4 / 6  = . 4  
R at bearing ring = 1 x 2.4/6.65 = .36 
R atbearing ring = l x  2.4/3.0 = .80 
h 
V 
V2 
To simplify deflection calculations multiply these numbers by 1,000 
.. Rh = 400 
= 360 
RV 
= 300 
2 
RV 
DEFLECTIONS 
Horizontal Deflection of Ring 
Assume caused only by tensile forces on upper surface of hub 
SkinA = 2  x 4 0 x  .04 =6.0 
Caps A = 1.5 
c = 7.5in2 
VOL 111 A 3  
-4 - $ O o X 4 O  = 2 , 1 2 x 1 0  ins. 
7 , s  107 
Vertical Deflection of Ring : 
Assume caused by bending forces W = RV/3 
WL3 6 = -  
3EI 
3 
120 x 40 - 
3 107 x 75 
2 I = 2 x 1 . 5 x 5  
4 
= 75 in  
I -4 
120 lbs = 34.0 x 10 ins. 
Horizontal Spring Rate of Ring 
5 lbs 
in = 1 8 . 8 ~ 1 0  - 
- 400 - 
2.12 kh 
Horizontal Natural Frequency: (Assuming Mass of 5,000 pounds) 
.r 
= 54 cps 
5 
18.8 x 10 x 32 x 12 ( 5000 - 2n 
Vertical Spring Rate of Ring: 
5 
= ,354 x 10 lbs/in - 120 % -  34 10-4 
Vertical Natural Frequency : 
= 26 cps 
5 
.354 x 10 x 32 x 12 ( 5000 - f a 277 
A4 VOL 
Ixx + I  YY J Polar Moment of Inertia I 
2 2 
C2AY = 2 ~ 2 ~ 1 . 5 ~ 1 2  
3 3 
nR t = n x 1 2  x . 0 4 0  
a =57@ 
1 
= -1.0 rad 
B 
= 1.57 rad 
4 
(2249 in ) 
= 860 
= 213 
clxx 
2 sin a 
= 937 1 
a 
= 234 
5 
sin ~ C O S Q -  
2 
2 ~ 2 x 1 5  i - 2 ~ 2 1 . 5  x . 0 5  
3 
.020 x 24 - - bd3 - 
12 12 
4 
(4438 in ) 
= 1940 
=IYY 
2 
C2AX2 = 2 ~ 2 ~ 1 . 5 ~ 1 8  
A 5  
2 3 2 = 2 x 1 , 5 ~  24 f 2 X T X  12 x .04 (1,57 - -) 
1,57 
3 = 2 x R t(a - sin Q! COS a) Io 
3 
= 2 x 21.5 x 05 (1 -e 8387 x e 5446) 
2 2 
- 2AX = 2 ~ ~ 4 8 x 1 8  Io 
= 1738 
= 450 
= 310 
YY + I  
- 
IJ - IXX 
4 
2249 i-4438 = 6687 in - 
Calculate for a 1,000 pound load: TL 
JG 
- -   Angle of twist. 8 
- 1000 x 75 x 220 
6687 x 4 x I O 6  
- 6 x rads 
TORSIONAL NATURAL FREQUENCY OF TUNNEL 
To achieve 1. Og at the 22.0 feet radius, a velocity of 12.63 rpm is required. This 
is equal to .211 cps, 
A 5:l separation between the operating frequency of the centrifuge and the natural 
frequency of the structure in any plane shall be 1.0 cps. 
The first approximation of the torsional natural frequency of the tunnel assumes the 
tunnel a s  a solid shaft, 
where k = torsional spring rate of 
tunnel 
= 25,800 in.lbs/rad (from 
- page ) - 
n I = Mass moment of inertia of 
f 
centrifuge 
A6 
,133 cps - f 
n 
VOL III 
= 100,000 lb/ft2 
The tunnel more accurately can be represented as a thin wall cylinder where the 
following applies : 
The Spring Rate 
4 4  
- [ D O  -.11 in/lbs 
n G  L rad ' 32 
- k 
e 
(Nestorides, E .  J. - A Handbook on 
Torsional Vibration) 
p x 4 x lo6 84800 
32 220 
6 
= 151 x 10  in.lbs. /rad 
- k e 
= 3.5 cps 
To find an equivalent thin wall 
tube that has identical area. 
A = 4 3 x . 0 5 ~ 2 ~ 4 . 3  
= 24 x n x  .04 = 3.0 
Caps 6.0 
Webs - 1.0 
14.3 
v x 4 3 x t =  14.3 
t = 14,3 = .ll 
43 x g 
Do = 43 
D =42.75 
1 
Consider next the lateral bending and then the vertical (axis of spin) bending on the 
tunnel using the section properties calculated in Pages A 5  and A6 to determine the 
spring rate. 
LATERAL BENDmG 
Assume a 800 pounds load on side of tunnel : 
WL3 
3E1YY 
d =  
VOL m A7 
3 
- 800 x 220 - 
7 
3 x  10 x 4 4 3 8  
SpringRate,k = - 8oo = 12,500 lbs/in. 
.064 
m = -  5000 lbs. 
32.2 
1 12,500 x 32.2 x 12 
- ( 5000 f n 271 - 
f = 5 cps n 
VERTICAL BENDING 
Assume a 800 pounds load : 
3 
= .I26 ins. - 800 x 220 - 
7 
3 x  10 x 2249 
= 6300 lbs/in. 800 
,126 
SpringRate,.k = -
= 3.5 cps 6300 x 32.2 x 12 ( 5000 - f n 271 
A 8  VOL III 
To determine the weight of the sensor support and bearing ring as a function of 
radius assume that: 
1. 
2. 
3. 
The radiiare 18, 24, and 36 inches. 
The sensor reacts at the shear center so that no secondary torques are  added. 
The polar moment of inertia I can be made a function of the spring rate k. 
S 
P 
S - sensor 
= torsional spring rate ifM kt 
For the purpose of determining spring rate assume a load of P of 100 pounds. 
For the geometry shown, 
and L = R  
R 
2 
- -h 
Moment about points of contraflexure is: 
M = P x h  o r  P R / 2  
Equivalent Torque is: 
T = M c o s e  
Angle of Twist is: 
F P f romk = - - 
R k  r r R e  
e =  
VOL m A 9  
5 
Ring Weight for stiffness e 1 x 3.0 
Radius 
12 
18 
24 
36 
WPR/2) 
600 
900 
1200 
1800 
A =  r 
520 
7 80 
- f  
n 
-5 
8.3 x 10 
5.55 
- 
Ring Weights 
- J 
- 
18.9 
63.2 
150. 
TL 
JG 
o_ 
.92 
1.68 
2.60 
~ lbs/in. 
1040 
1560 
4.16 
2.78 lom5 
.30 ( $)'I2 
~ in in 
505. I 4.8 
T x L  
e G  
J =  
m = -  2ooo lbs. 
32.2 
1 ( l x  10 5 x 3 2 x  12) 1/2 -
22 cps 
TL -
e G  
6 0 = 4 x 1 0  
4 
= 18.9in 520 x 12 6 
8.3 x x 4 x 10 
4 
= 63.2 in 780 x 18 -5 6 
5.55 x 10 x 4 x 10 
r w 
lbs . 
8.8 
24.0 
50.0 
138.0 
A 10 VOL m 
4 - 1040 x 24 - 
6 
4.16 lom5  4 10 
M T 
4 
505. in - - 1560 x 36 - 6 
2.78 4 IO 
0 J 
The ring weights and properties given in the previous table are based on a constant 
spring rate of 1.0 x 10 lbs/in. 
Consider now the case where the spring rate is a function of the radius of the ring. 
5 
600 
900 
1200 
1800 
Radius 
12 
18 
24 
36 
12 
18 
24 
30 
36 
- 
52 0 8.3 x 1.89 
780 5.5 6.32 
1040 4.16 lom4 15.0 
1560 2.78 50.5 
6 00 52 0 
900 780 
1200 1040 
8.3 x 189 
632 5.5 x 10 
4.16 x 1500 
-6 
1500 I 1300 1 3 . 3 3 ~  I 2900 
1800 1 1560 1 2 . 7 8 ~  loe6 I 5050 
I 1 I 
r A 
.292 
.532 
.820 
1.506 
2.92 
5.32 
8.20 
11.40 
15.06 
These values and those in the following Table a re  plotted in Figure A l e  
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w 
2.8 
7.65 
15.8 
43.3 
28,O 
76.5 
15 8 
2 74 
433 
A l l  
d 
2 
5 
""\ 4 
E: '. m .d 
5 
.d.' 
0 
rl 
x 
m 
A- 
0 
A 12 VOL m 
4 
For k = 5 x 10 
M T 
36 
0 
e 65 
1.20 
1 .84  
2.56 
3 . 4  
I 520 1 1.66 x 7 .7  
17 .3  
35.4 
61.5 
98 
780 
1040 
I 1300 I .67 x 
I. 10 
e 83 lom4 
1 1560 I . 55  x 
I I 
_. 
J 
9 .4  
31.8 
75.2 
146 
256 
A rough approximation of the sensor spring rate is given by: 
Where K = Sensor stiffness, lbs/in. 
f = Desired Natural Frequency, cps. n 
I 
r = Sensor circle radius, ft. 
2 = Polar Moment of intertia, ft/lb/sec 
0 
In this problem, fn should be above the control frequency of the counter balance 
system and well above the forcing frequency due to rotation. Ten (10) cps is as 
good a choice as any at  this time. 
I 
(Test subjects included.) 
in this problem is the polar moment of inertia of the inner shell and its equipment. 
0 
- 700,000 - 10, I - 
0 32.2 ' For f 
VQL III A13 
W 
0 
rl 
x 
rl 
D 
0 
rl 
x 
u3 e- 
co 
0 
rl 
x 
0 
u3 
0 
d.c 
d 
A 3  
0 2  
0 
A 14 VOL 
The forcing frequency is ,211 cps and 5 times this results in a 1, 
2 
9 
I (2n f A.) 
0 n 
32 12 2R2 If K = 
R = ft. 
1 
= lbs/ft/sec 2 
0 
Solve for K as a function of R. 
ThenK = 
I x .0512 
2 
0 
R 
Figure A 2  shows this equation plotted with Io as a parameter of . 5 ,  .75, and 1 . 0  X 
lo6  lb/ft2. From these curves and the previous one it can be seen that a centrifuge 
6 4 with an Io of 1 X 10 and a ring radius of 18.0 inch requires ring stiffness of 2.0 X 10 
lbs/in. The ring will weigh approximately 20 lbs. 
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ABSTRA C 
These documents a re  the final study report prepared under Contract NAS 1- 
9904, "A Study of Orbital Centrifuge Experiment Performance Options and Cost. 
The study was performed by Convair Aerospace division of General Dynamics for  
the Langley Research Center, National Aeronautics and Space Administration, 
Hampton, Virginia. 
The study assembles comparative information with regard to a comprehensive 
group of artificial-gravity/zero-gravity experiments and the vehicles o r  systems 
which may be employed in their performance. The Experiment Performance Options 
(EPOs) - ranging from simple, internal, rotating devices to rotatable major 
vehicles - are conceptually designed and analyzed to establish their operating 
characteristics. Experiments a re  defined in detail and evaluated in conjunction 
with the EPOs to determine how well the objectives of each experiment a re  met. 
Study results are  assembled in an Information Matrix for convenient comparison 
of all pertinent EPO characteristics. 
The full report, GDC-DCF70-004, is presented in three volumes: 
Volume I, NASA CR-11937, Summary 
Volume 11, NASA CR-11938, Centrifuge/Skylab/Space Station EPOs 
Volume III, NASA CR-11939, Space Shuttle Compatible EPOs 
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